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FOREWORD 


The  research  reported  herein  was  supported  by  the  Office  of 
Naval  Research,  Power  Branch,  Code  473,  and  the  U.  S.  Army 
Research  Office,  with  Ur.  S.  Miller  of  ON'R  as  Scientific 
Officer.  This  report  covers  the  period  1  March  1980  through 
28  Februarv  1981.  The  program  has  been  dircclod  by  Dr.  K.  0 
Chrlste.  The  scientific  effort  was  carried  out  by  Drs.  K.  0 
Ci'iriste,  C.  .1.  Sciiack,  W.  W.  Wilson,  and  Mr.  R.  D.  Wilson. 
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INTRODUCTION 


This  report  covers  the  period  from  1  March  1980  thorugh  28  February  1981  and 
describes  Rocketdyne's  research  efforts  in  the  area  of  energetic  inorganic 
halogen  oxidizers.  As  in  the  past  years  (Ref.  1),  our  research  covered  areas 
ranging  from  the  exploration  of  new  synthetic  methods  and  the  syntheses  of  novel 
compounds  to  structural  studies.  Although  the  program  is  directed  toward  basic 
research,  applications  of  the  results  are  continuously  considered.  A  typical 
example  of  the  usefulness  of  such  goal-oriented  basic  research  is  the  application 
of  NF^  chemistry  to  solid  propellant  NF2-F2  gas  generators  for  chemical  HF-DF 
lasers . 

Only  completed  pieces  of  research  are  included  in  this  report.  As  in  the  past 
(Ref.  1),  completed  work  has  been  summarized  in  manuscript  form  suitable  for 
publication.  Thus,  time  spent  for  report  and  manuscript  writing  is  minimized, 
and  widespread  dissemination  of  our  data  is  made  possible. 

During  the  past  12  months,  the  following  papers  were  published,  submitted  for 
publication,  or  presented  at  meetings.  In  addition,  several  patents  were  filed 
and  issued.  All  of  these  originated  from  work  sponsored  under  this  program. 
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PUBLICATIONS  AND  PATENTS  DURING  PAST  CONTRACT  YEAR 


PAPERS  PUBLISHED 

1.  "Simplified  Synthesis  of  NF^'^SbF^“,"  by  W,  W.  Wilson  and  K.  0.  Christe, 

J.  Fluorine  Chem.  ,  83  (1980). 

2.  "Synthesis  and  Properties  of  NF^'^CIO^  and  NF^'^^HF^ •  nHF  and  Some  Reaction 
Chemistry  of  NF^'^HF2"nHF  Salts,"  by  K.  0.  Christe,  W.  W.  Wilson  and 

R.  D.  Wilson,  Inorg.  Chem.,  1494  (1980). 

3.  "Synthesis  and  Properties  of  NF^'^SO^F  ,"  by  K,  0,  Christe,  R.  D.  Wilson 
and  C.  J,  Schack,  Inorg.  Chem.,  3046  (1980). 

4.  "Vibrational  Spectra  of  ^^NF.AsF,  and  General  Valence  Force  Field  of 

+  4  6 

NF^  ,"  by  K.  0.  Christe,  Spectrochim  Acta,  36A,  921  (1980). 

5.  "The  Force  Field  of  SF^,"  by  W.  Sawodny,  K.  Birk,  G.  Fogarasi  and 

K.  0.  Christe,  Z.  Naturforsch.  ,  35B  ,1137  (1980). 

6.  "Synthesis  and  Characterization  of  (NF^)2MnF^,"  by  K.  0.  Christe. 

W.  W.  Wilson  and  R.  D.  Wilson,  Inorg.  Chem.,  1_9,  3254  (1980). 

7.  "Evidence  for  the  Existence  of  Directional  Repulsion  Effects  by  Lone 
Valence  Electron  Pairs  and  TTBonds  in  Trigonal  -  Bipyramidal  Molecules," 
by  K.  0.  Christe  and  H.  Oberhammer,  Inorg.  Chem.,  20,  296  (1981). 

PAPERS  IN  PRESS 

8.  "On  the  Properties  of  Azidotrif luoromethane ,"  by  K.  0.  Christe  and  C.  J. 
Schack,  Inorg.  Chem. 

9.  "The  General  Valence  Force  Field  of  Perchloryl  Fluoride,"  by  K.  0.  Christe, 
E,  C.  Curtis,  W.  Sawodny,  H.  Haerthner  and  G.  Fogarasi,  Spectrochim  Acta. 
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10.  "The  Formation  of  the  Halogen  -  Halogen  Bond,"  by  K.  0.  Christe, 

Inorganic  Reactions  and  Methods. 

11.  "Determination  of  Nitrogen  Trifluoride  in  Perfluoro  Ammonium  Cation 
Containing  Complex  Fluoro  Anion  Salts,"  by  R.  Rushworth  ,  C.  J.  Schack, 

W.  W.  Wilson  and  K.  0.  Christe,  Anal.  Chem. 

12.  "On  the  Syntheses  and  Properties  of  FOIF^O,  CIOIF^O,  HOIF^O  and  Tetra- 
f luoroperiodates by  K.  0.  Christe,  R.  D.  Wilson  and  C.  J.  Schack, 

Inorg.  Chem. 

13.  "Synthesis  and  Properties  of  NF^  UF^O  ,"  by  W.  W.  Wilson,  R.  D.  Wilson,  and 
K.  0.  Christe,  J.  Inorg.  Nucl.  Chem. 

14.  "EPR  Evidence  of  Molecular  and  Electronic  Structure  of  Nitrogen  Trifluoride 
Radical  Cation,"  by  A.  M.  Maurice,  R.  L.  Belford,  K.  0,  Christe  and 

I.  B.  Goldberg,  Inorg,  Chem. 

15.  "Gas  Phase  Structure  of  Chlorine  Trifluoride  Oxide,  CIF^O,"  by  H.  Oberhammer 
and  K.  0.  Christe,  Inorg.  Chem. 

PAPERS  PRESENTED  AT  MEETINGS 

16.  "Recent  Results  in  Nitrogen  Fluoride  Chemistry,"  by  K.  0.  Christe,  C.  J. 
Schack,  W.  W,  Wilson  and  R.  D.  Wilson,  7th  European  Symposium  on  Fluorine 
Chemistry,  Venice,  Italy  (Sept.  1980). 

17.  "Synthesis  and  Properties  of  NF^UF^O,"  by  W.  W.  Wilson,  R.  D.  Wilson  and 
K.  0.  Christe,  Second  Chemical  Congress  of  the  North  American  Continent, 

Las  Vegas,  Nev .  ,  (Aug.  1980). 

18.  "On  the  Syntheses  and  Properties  of  FOIF^O,  CIOIF^O,  HOIF^O  and  Tetra- 
f luoroperiodates ,"  by  K.  0.  Christe,  R.  D.  Wilson  and  C.  J.  Schack, 

Fifth  Winter  Fluorine  Conference,  Daytona  Beach,  Florida  (February  (1981). 

PATENTS  ISSUED 

19.  "High  Detonation  Pressure  Explosives,"  by  K.  0.  Christe,  U.S,  4,207,124 
(.ftine  1980). 
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20.  "Peroxonlum  Salts  and  Method  of  Producing  Same,"  by  K.  0.  Chrlste  and 
W.  W.  Wilson. 

21.  "Stable  Salt  of  High  Fluorine  Content,"  by  K.  0,  Christe  and 

W.  W.  Wilson. 

22.  "Improved  NF2-F2  Gas  Generator  Compositions,"  by  K.  0.  Chrlste  and 
W.  W.  Wilson. 
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DISCUSSION 

Significant  progress  has  been  made  in  the  area  of  Chemistry.  A  number  of 

novel  complex  f luorotungstate  salts  have  been  synthesized  and  characterized. 

Most  of  these  salts  were  found  to  be  stable  and  are  of  practical  interest  as 
solid  propellant  WF^  gas  generators.  The  results  of  this  study  are  presently 
being  summarized  in  manuscript  form. 

Other  novel  salts  derived  from  SiF^,  UFg»  and  BeF2  have  also  been  success¬ 

fully  synthesized.  Characterization  of  these  salts  is  presently  being  completed. 
Some  of  these  salts  are  attractive  because  of  their  potential  as  ingredients  in 
high  NF2/F2  yielding  solid  propellant  gas  generator  formulations. 

Analytical  procedures  for  NF,"*”  salts  have  been  refined,  and  the  results  are 

^  .  15 

summarized  in  Appendix  A  for  publication.  The  vibrational  spectra  of  N  labeled 
NF^AsFg,  and  the  general  valence  force  field  of  NF^"*"  were  published  in  Spectro- 
chemica  Acta  (see  Appendix  B). 

Thermodynamic  data  have  been  determined  for  NF^BF^,  NF^PF^,  NF^AsF^,  NF^SbFg^  and 
NF^GeF^.  Measurements  on  (NF^)2GeFg  are  in  progress.  This  work  is  being  carried 
out  in  collaboration  with  Prof.  Peacock  of  the  University  of  Leicester,  U.  K.  and 
Dr.  Bougon  of  the  French  Atomic  Energy  Commission,  The  results  will  be  highly 
useful  for  theoretical  performance  calculations  and  theoretical  predictions 
concerning  the  possible  existence  of  yet  unknown  NF^"^  salts.  For  example,  it  was 
shown  that  the  hypothetical  NF^'^F  salt,  i.e.,  an  ionic  NF^,  cannot  exist  under 
normal  conditions.  This  study  is  expected  to  be  completed  during  the  current 
year . 


The  papers  on  the  novel 
(see  Appendix  C) ,  and  a 
pressure  explosives  was 
unkno’wn  (NF^)2A1F^  salt 


(NF,)„MnF-  salt  was  published  in  Inorganic  Chemistry 
US  patent  on  the  use  of  NF^  salts  in  high  detonation 
issued  (see  Appendix  D) .  Attempts  to  synthesize  the 
by  new  methods  have  so  far  been  unsuccessful. 
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In  addition  to  the  previously  mentioned  studies  on  NF^  chemistry,  extensive 
efforts  were  carried  out  in  several  other  areas  of  nitrogen  fluorine  chemistry. 

In  connection  with  the  interest  In  a  chemical  NF  laser,  the  reaction  of  fluorine 
atoms  with  HN^  was  studied  by  matrix  isolation  spectroscopy,  but  no  evidence  for 
the  existence  of  an  intermediate  F-HN^  adduct  was  observed  under  the  given  con¬ 
ditions.  The  compound  CF^N.^  was  prepared  and  characterized  (see  Appendix  E)  ,  and 
it  was  found  that  its  fluorination  provides  an  improved  synthesis  of  CF2NF2,  a 
compound  which  is  difficult  to  prepare  in  good  yield  and  purity  according  to 

previous  literature  methods  (see  Appendix  F) .  Attempts  were  made  to  synthesize 

“f*  “■ 

the  unknown  NH2F  molecule  by  a  series  of  displacement  reactions  using  NH^F  CF^SO^ 
(Ref.  2)  as  a  starting  material  (Drs.  Rrakauskas  and  Baum  from  Fluor ochem  kindly 
provided  the  precursor  for  the  preparation  of  this  compound) . 

Significant  progress  was  also  made  in  the  area  of  halogen  fluoride  chemistry. 

The  first  example  of  an  iodine  hypofluorite  OIF^OF  was  prepared  and  fully 
characterized  (Appendix  G) .  In  connection  with  this  study,  numerous  interesting 
reactions  of  periodates  were  Investigated.  In  collaboration  with  Prof.  Oberhammer 
of  the  University  of  Tubingen,  W.  Germany,  the  molecular  structure  of  CIF^O  was 
determined  by  electron  diffraction  (see  Appendix  H) ,  and  evidence  was  obtained 
for  the  existence  of  directional  repulsion  effects  by  lone  valence  electron 
pairs  and  TT -bonds  in  trigonal-bipyramidal  molecules  (see  Appendix  J) . 

The  interesting  compound,  fluorine  perchlorate,  recently  became  readily  accessible 
in  high  purity  through  the  thermal  decomposition  of  NF^'*'C10^  (Ref.  3).  Since 
very  little  was  known  about  this  compound,  except  for  it  being  highly  explosive, 
a  complete  characterization  was  carried  out  and  the  results  are  being  summarized 
in  manuscript  form.  In  connec^Ton^^th  this  study,  the  knowledge  of  the  General 
Valence  Force  Field  of  FCIO^  was  required.  Since  these  data  were  previously  not 
available,  they  were  determined  and  are  presented  in  Appendix  J  in  manuscript 
form.  This  study  was  carried  out  in  collaboration  with  Prof.  Sawodny  of  the 
University  of  Ulm.  W.  Germany,  who  carried  out  the  Ab  Initio  Force  Field  calcu¬ 
lations.  Similar  calculations  were  also  obtained  for  the  closely  related  SF^ 
molecule  (see  Appendix  K) .  A  review  chapter  on  chlorine  oxyfluorldes  was  written 
For  the  series  "inorganic  Reactions  and  Methods"  (see  Appendix  L) . 
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Aqueous  f luorinations  of  several  substrates,  such  as  TeO^  and  CrO^  ,  were 
studied  in  an  attempt  to  extend  the  reaction  recently  discovered  by  Appelman 
(Ref.  4)  which  resulted  in  the  isolation  of  the  first  known  example  of  an  ionic 
hypof luorite ,  FSO2OF  .  No  difficulty  was  encountered  with  the  duplication  of 
Appelman's  work,  but  so  far  no  evidence  for  the  formation  of  other  analogous 
hypof luorite  anions  has  been  obtained. 
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APPENDIX  A 

Contribution  from  Rocketdyne,  a  Division  of 
Rockwell  International  Corporation,  Canoga  Park, California  91304 
DETERMINATION  OF  NITROGEN  TRIFLUORIDE  IN 
PERPLUORO  AMMONIUM  CATION  CONTAINING  COMPLEX  FLUORQ  ANION  SALTS 
R.  Rushworth,  C.  J.  Schack,  W.  W.  Wilson  and  K.  0.  Christe* 
Received  Novetrber  3,  1980 
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Brief 


The  NF^  content  of  complex  fluoro  anion  salts  is  determined  by  quantitative 
measurement  of  the  NF^  evolved  during  hydrolysis  using  gasometric  and  chroma¬ 
tographic  methods.  The  use  of  several  quantitative,  semiquantitative  and 
qualitative  methods  for  the  determination  of  the  anions  or  for  the  detection 
of  impurities  in  the  NF^  salts  is  discussed. 
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Abstract 


The  NF^  content  of  complex  fluoro  anion  salts  is  determined  by  quantitative 
measurenent  of  the  NF^  evolved  during  hydrolysis  of  500-1000  mg  size  samples 
using  gasometric  and  chromatographic  methods.  Analytical  data  dare  given  for 
NF4BF4,  NF4SbFg,  NF^BiFg  and  NF4SnFg  with  NF^  contents  ranging  from  17  to  40i^. 

4. 

These  data  show  a  scatter  of  about  -  2  relative  percent  for  the  NF^  analyses. 
Tne  use  of  several  quantitative,  semiquantitati ve  and  qualitative  methods 
for  the  determination  of  the  anions  or  for  the  detection  of  impurities  in  the 
NF4  salts  is  discussed. 
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Introduction 


Perfluoroammonium  salts  are  unique.  In  spite  of  their  unusual  oxidizing  power, 
they  are  capable  of  forming  numerous  stable  salts.  Potential  applications 
of  NF^  salts  include  their  use  in  solid  propellant  NF^-F^  gas  generators 
for  chemical  HF-OF  lasers  (1,2)  and  as  a  fluorinating  agent  for  aromatic 
compounds! 3) .  Since  generally  the  elemental  analyses  of  powerful  oxidizers  are 
difficult  to  perform,  we  would  like  to  report  the  methods  develoned  in  our 

4. 

laboratory  for  analyzing  NF^  salts. 


Experimental 

Caution:  The  hydrolysis  of  NF^  salts  is  highly  exothermic  and  can  be  explo¬ 

sive.  It  must  be  moderated,  as  described  in  the  following  paragraphs,  and 
appropriate  safety  precautions  must  be  taken. 

Apparatus.  The  hydrolysis  reaction  of  NF^  salts  was  carried  out  in  a  volume 
calibrated  s.cinless  steel  vacuum  line  equipped  with  Teflon  FEP  U-traps  and 
bellows  seal  valves.  Pressures  were  measured  with  a  Heise  Bourdon  tube-type 
gauge  (0-760  mm-  0.01%).  The  vacuum  line  was  directly  interfaced  with  the 
gas  chromatograph,  F  and  M  Model  700,  which  was  equipped  with  a  1/8"  X  20' 
column  packed  with  PPQ,  80-100  mesh,  and  was  operated  at  ambient  temperature, 
with  25  mL/min  He,  and  a  thermal  conductivity  detector.  Peak  area  integration 
was  accomplished  with  a  Hewlett-Packard  Model  3371  R  integrator.  Non-volatile 


materials  were  handled  outside  the  vacuum  system  in  the  dry  nitrogen  atmosphere 
of  a  glove  box.  Raman  spectra  were  recorded  on  a  Cary  Model  83  spectrophoto¬ 
meter  using  the  4880  8  exciting  line  of  a  Lexel  Model  75  Ar  ion  laser  and  a 
Claassen  filter  (4)  for  the  elimination  of  plasma  lines  with  sealed  glass 
melting  point  capillaries  as  sample  containers.  Infrared  spectra  were  obtained 
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using  Perkin-Elmer  Model  283  or  457  spectrophotofrieters  using  a  Wilks  mini¬ 
pellet  press  for  pressing  the  dry  powders  between  AgCl  disks. 

Hydrolysis  of  the  NF^  Salt.  The  sample  to  be  analyzed  (500-1000  mg)  was 
transferred  in  the  glove  box  to  a  previously  evacuated,  leak  checked,  and 
weighed  volume-calibrated  Teflon  FEP  ampoule  equipped  with  a  stainless  steel 
valve.  After  removal  from  the  glove  box,  the  ampoule  was  reevacuated  and 
reweighed.  It  was  attached  to  the  vacuum  line  and  after  cooling  to  -196°, 

2.0  mL  of  degassed  and  deionized  H^O  was  slowly  admitted  into  the  sample  tube 
from  an  inverted  bulb.  The  H^O  addition  was  carried  out  in  such  a  manner  that 
the  water  was  frozen  at  -196°  on  the  upper  walls  of  the  tube  some  distance  above 
the  sample.  Upon  closing  the  ampoule  the  frozen  water  was  knocked  down  onto 
the  sample.  The  resulting  solid  mixture  was  agitated  and  carefully  warmed 
toward  room  temperature.  As  soon  as  interaction  was  noticeable,  the  mixture 
was  chilled  in  liquid  N2  again  to  moderate  the  hydrolysis.  Repeating  this 
warming  and  cooling  cycle,  two  or  three  times  accomplished  most  of  the  hydro¬ 
lysis  reaction  and  at  this  point  the  reaction  was  allowed  to  go  to  completion 
near  room  temperature. 

Deteriirnation  of  the  Content  by  Gas  Chromatography.  The  tip  of  the 

ampoule  with  the  resulting  hydrolysate  was  cooled  to  -78°-  Care  was  taken  that 
all  the  hydrolysate  was  in  the  tip  and  that  it  was  frozen  to  avoid  distortion 
of  the  ensuing  pressure  measurement  by  water  vapor  pressure.  With  the  solution 
frozen,  the  ampoule  was  opened  to  the  calibrated  volume  of  the  vacuum  line, 
the  gas  pressure  and  temperature  were  recorded,  and  the  amount  of  gas  was 
calculated  from  these  PVT  measurements.  A  portion  of  this  gas  was  analyzed  by 
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GC  which  had  previously  been  calibrated  for  NF^,  O^,  N^j  and  mixtures  thereof. 
Retention  times  (in  minutes)  for  the  gases  ‘vere:  N2(2.4),  02(2.55),  and  NF2(4.05). 
The  amount  of  NF^,  originally  present  in  the  sample,  was  calculated  from  the 
total  amount  of  gas  evolved  and  the  percentage  of  NF^,  as  found  by  GC.  Analyses, 
carried  out  on  pure  samples  showed  that  1  mol  NF^  generated  1  mol  of  NF^. 

Separation  of  NF^  and  O2  by  Fractional  Condensation.  The  following  procedure 
was  also  used  in  place  of  the  gas  chromatographic  determination  of  NF^  and  O2. 
After  the  NF*  salt  had  been  hydrolyzed  as  described  above,  the  ampoule  contain¬ 
ing  the  hydrolysis  products  was  cooled  to  -210°C  by  a  N2  slush  bath  prepared 
by  pumping  on  a  dewar  containing  liquid  N2.  The  contents  of  the  ampoule  were 
allowed  to  slowly  warm  from  -210  toward  0®,  while  the  volatile  materials  were 
pumped  in  a  dynamic  vacuum  (-10*^  torr)  through  a  series  of  U-traps  kept 
at  “78°C  for  trapping  water  vapor  and  at  -210°C  for  trapping  NF^.  When  the 
hydrolysate  in  the  ampoule  had  melted,  the  valves  between  the  ampoule,  the  first 
U-trap  and  the  second  U-trap  were  closed  and  pumping  on  the  second  (-210°C) 

U-trap  was  continued  for  another  15  minutes  to  remove  any  trapped  oxygen.  The 
-210°C  U-trap  was  then  closed  off,  the  contents  were  allowed  to  warm  to  ambient 
temperature  and  were  measured  by  PVT. 

Results  and  Discussion 

The  analyses  of  numerous  spectroscopically  pure  NF^  salts  of  different 
counterions  by  the  gas  chromatographic  method  have  shown  (see  Table  1)  that 
the  hydrolysis  of  NF^  results  in  quantitative  NF^  evolution  according  to: 
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2NfJ  +  2H^0  -v  2NF3  +  0^  +  2H2F‘^ 

The  solubility  of  NF^  in  H^O  is  very  small  (5,6)  and  can  therefore  be  neglected. 
The  hydrolysis  reactions  must  be  carefully  controlled  to  avoid  violent 
reactions  (7,8)  which  (i)  are  dangerous  and  (ii)  can  result  in  the  hydro¬ 
lysis  of  some  NF^  to  nitrogen  oxides.  The  oxygen  evolution  was  found,  even 
under  well  controlled  conditions,  to  be  often  less  than  quantitative  due  to 
the  formation  of  some  and  HOF  (2).  In  addition,  certain  oxidizing  anions, 
such  as  NiFg  (7),  6iFg  (2)  or  MnFg  (8)also  produced  oxygen  on  hydrolysis. 
Consequently,  determination  of  the  evolved  O2  should  not  be  used  for  a  quanti¬ 
tative  determination  of  the  NF^  content. 

Two  methods  were  developed  for  the  determination  of  the  amount  of  NF^ 
evolved  during  hydrolysis.  In  the  first  method,  the  total  amount  of  gas 
volatile  at  -78°C  is  measured  by  PVT,  followed  by  e  gas  chromatographic  analysis 
of  the  gas.  In  the  second  method,  the  evolved  NF^  and  0^  are  separated  by 
fractional  condensation  using  a  -210°C  trap;  the  -210'^C  trap  retains  only  the 
NFj.  The  choice  of  either  method  depends  on  the  availability  of  the  appro¬ 
priate  equipment. 

An  error  analysis  of  the  method  using  gas  chromatographi c  separation 
shows  that  by  far  the  largest  uncertainty  stems  from  the  uncertainty  in  the 
area  integration  of  the  GC  peak.  This  is  confirmed  by  analytical  data  on 
high  purity  NF^BF^,  prepared  by  low  temperature  UV-photolysis  in  a  steel- 
sapphire  reactor  (9).  These  data  show  a  scatter  of  about  -2  relative  percent 
for  the  NF^  analyses. 
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An  error  analysis  of  the  second  method  shows  that  its  accuracy  is  limited 
by  the  effectiveness  of  the  Np3“02  separation.  The  NF^  values  obtained  for 
high  purity  NP^BF^  standards  were  found  to  be  highly  reproducible,  but  were 
always  slightly  hig^  due  to  small  amounts  (0-0.8  mol  %)  of  residual  oxygen, 
as  determined  by  gas  chromatographic  analyses  of  the  NF^  trapped  at  -210°C. 

Despite  the  minor  limitations  of  either  of  these  two  methods,  both  are 
well  suited  for  the  quantitative  determination  of  NF^  in  NF^  salts. 

Often,  however,  the  NF^-  containing  salts  are  obtained  by  a  metathetical 
reaction  (10),  rather  than  in  a  direct  fashion.  This  results  in  a  product 
consisting  of  a  mixture  of  several  salts.  This  fact  does  not  alter  the  method 
nor  the  reliability  of  the  NF2  determination  of  such  a  mixture;  however,  it  does 
require  additional  analyses  for  the  remaining  constituents  using  methods  such 
as  atomic  absorption,  x-ray  fluorescence  spectroscopy  and  gravimetry. 

Typical  elements  determined  in  the  hydrolysate  after  the  NF,  analysis  include 
Cs,  Ag,  B,  Sb,  Sn,  Ti,  Ni,  Mn,  Bi,  W  and  U.  Analyses  for  the  determination  of 
the  total  fluoride  content  were  not  carried  out  because  they  do  not  provide 
much  useful  information  and  require  Parr  bomb  fusion  techniques  using  Na^O^ 

(11)  to  assure  complete  hydrolysis  of  the  complex  fluoro  anions. 

If  the  mixture  of  the  salts  to  be  analyzed  can  contain  polyanions,  such 
as  SbjF^^  (2),  3i2^-|-|  o*"  "^’2^10  ratio  of  total  cation 

central  atoms  to  total  anion  central  atoms  provides  information  about  the 
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percentage  of  polyanions  present.  The  presence  of  polyanions  or  of  impurities, 
Such  as  H^0^(13),  HF^  or  solvated  HF,  can  be  further  confirmed  by  qualitative 
spectroscopic  techniques,  such  as  infrared  and  Raman  spectroscopy.  The 
question  of  which  cations  are  corrfcined  with  which  anions  can  be  answered  by 
recording  the  x-ray  powder  diffraction  patterns  of  the  mixture. 

Seni-quantitative  methods  for  the  determination  of  NF^  and  include 

1 9 

Raman  and  F  NMR  spectroscopy.  In  the  Ramana  spectra  the  symietric  stretching 
mode  of  tetrahedral  NF^,  for  example,  occurs  at  about  850  cm“\l4)  and  always 
results  in  an  intense  and  narrow  line  outside  the  frequency  range  of  most 
anion  mooes.  The  relative  peak  height  of  this  line  can  therefore  be  taken 
as  a  measure  of  the  NF^  concentration,  provided  that  calibration  spectra 
of  analyzed  samples  recorded  under  identical  instrumental  conditions  are 
available  and  that  the  relative  peak  heights  of  the  other  complex  ions  are 
also  known.  The  advantage  of  this  method  is  its  speed  and  the  small  amount 
of  sample  required.  It  is  routinely  used  in  our  laboratory  and  gives  results 
within  a  few  percent  of  those  obtained  by  conventional  wet  analysis  techniques. 
It  should  be  pointed  out, however,  that  this  method  is  not  suitable  for  the 
detection  of  weak  Raman  scatterers,  such  as  HF. 

19  + 

In  the  F  NMR  spectra  of  solutions  of  NF^  salts  in  solvents,  such  as 

anhydrous  HF  or  BrFg,  a  very  narrow  well-resolved  triplet  of  equal  intensity 

is  observed  for  NF^  at  about  220  ppm  downfield  from  external  CFCl^  with  a 

line  width  of  about  5Hz  and  =  229  Hz  (15,  16).  It  is  well  suited  for 
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accurate  peak  area  Integration.  !<owever,  in  many  cases  rapid  fluorine 
exchange  between  the  complex  fluoro  anions  and  the  HF  solvent  preempts 
the  simultaneous  determination  of  the  anion  concentration,  thereby  limiting 
the  general  applicability  of  this  method. 
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Table  1.  The  Determination  of  NFj  In  Various  NF^  Salts 
by  the  Gas  Chromatographic  Method 


COMPOUND 

THEORETICAL 

%  NFj 

EXPERIHEN' 
»  Hfj' 

nf^bf^^  * 

40.16 

40.28 

NF^SbF^  ^ 

21.80 

21.69 

NF^SbF^  " 

21.80 

21.71 

17.19 

16.94 

NF^SnFg  ^ 

23.38 

23.60 

a)  From  uV  photolysis  reaction 

b)  From  direct  thermal  synthesis 

c)  From  pyrolysis  of 

d)  From  displacement  reaction 

e)  Averaged  values  from  multiple  determinations 
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APPENDIX  B 


Vibrational  spectra  of  ’’NF4AsF<  and  general  valence  force  field  of  NF4 

Karl  O.  Christe 

Rocketdyne,  A  Division  of  Rockwell  International.  Canoga  Park.  CA  913(14.  U.S.A. 

IReceived  3  March  1978;  in  revised  form  6  May  198(11 

Abstract — Samples  of  '■‘NFjAsF^  and  "NFjAsF^  were  prepared  by  low-icmperature  u.v.-photolysis 
and  their  vibrational  spectra  were  recorded.  The  observed  spectra  are  in  agreement  with  space  group 
P4/n  for  NFjAsFft  and  site  symmetries  of  and  C»  for  NFJ  and  AsF^.  respectively.  The  observed 
isotopic  shifts  were  used  to  compute  a  general  valence  force  field  for  NFj. 


ibrntoDucnoN 

Since  the  first  report  [1,  2]  on  the  existence  of 
NF4  salts  numerous  papers  [3-25]  dealing  with 
NFJ  chemistry  have  been  published.  The  vibra¬ 
tional  spectrum  of  NFJ  is  well  known  [5,  7-9. 
13-15,  17-19],  and  its  force  field  has  been  com¬ 
puted  [5, 7].  However,  the  earlier  work  permitted 
only  computation  of  an  approximate  force  field, 
since  the  F2  block  has  two  fundamentals  and  three 
symmetry  force  constants.  In  view  of  the  general 
interest  in  the  NFJ  cation,  the  computation  of  a 
general  valence  force  field  was  highly  desirable.  In 
addition,  it  was  hoped  that  the  vibrational  spectra 
might  allow  the  determination  of  the  space  group 
of  NF4AsF«. 

EXmUMENTAL 

The  samples  of  ''‘NF4ASF4,  and  ‘''NF4AsFft  were  pre¬ 
pared  by  low-temperature  u.v.-photolysis  of  mixtures  of 
Fj,  AsFj  and  ''NFj  or  respectively,  in  a  quartz 

reactor,  using  a  previously' described  method  [15].  The 
‘’NF,  starting  .'tiaterial  was  prepared  by  glow-discharge 
of  '^Nj  (99%  Stohler  Isotope  Chemicals)  and  Fj 
(Rocketdyne),  as  previously  described  [26].  Volatile  ma¬ 
terials  were  handled  in  a  stainless  steel  Teflon-FEP  vac¬ 
uum  system  and  solids  in  the  dry  nitrogen  atmosphere  of 
a  glove  box. 

The  i.r.  spectra  were  recorded  on  a  Perkin-Elmer 
Model  283  spectrophotometer  as  dry  powders  pressed 
between  AgCl  disks  in  a  Wilks  mini  press.  The  spec¬ 
trometer  was  calibrated  by  comparison  wflRBffiSrd  gas 
calibration  points  [27,  28].  The  Raman  spectra  were  re¬ 
corded  on  Spex  Ramalog  and  Cary  Model  83  spec¬ 
trophotometers  using  the  4880  A  exciting  line  and  quartz 
tubes  as  sample  containers.  The  reported  frequencies  and 
isotopic  shifts  are  believed  to  be  accurate  to  ±  1  and 
±0.1  cm”',  respectively. 

RESULTS  AND  DISCUSSION 

The  sample  of  ’*NF4AsF(,  was  of  high  isotopic 
purity  and  its  vibrational  spectra  did  not  exhibit  any 
detectable  bands  due  to  the  '*N  isotope.  To  deter¬ 
mine  the  isotopic  shifts,  the  corresponding 

'^iV  salt  was  prepared  and  studied  by  vibrational 
spectroscopy  under  identical  conditions.  Since  the 
"N  salt  spectra  were  identical  to  those  previously 
published  for  the  '"/V  salt  [15],  except  for  the 
isotopic  shifts  observed  for  v,  and  of  NFJ,  the 


actual  spectra  arc  not  shown.  The  observed  fre¬ 
quencies,  isotopic  shifts  and  assignments 

are  summarized  in  Table  1. 

Although  the  assignments  given  in  Table  I  were 
made  for  simplicity  for  tetrahedral  NFJ  and  oc¬ 
tahedral  AsFJ,  the  observed  splittings  of  the  degen¬ 
erate  modes  and  deviations  from  the  T.,  and 
selection  rules  indicate  that  the  actual  site  symmet¬ 
ries  of  the  NFJ  and  AsF^  ions  must  be  lower  than 
Tj  and  Ok.  respectively.  Unfortunately,  the  exact 
crystal  structure  of  NFjAsF*  is  unknown,  however, 
based  on  its  reported  X-ray  powder  difiration  data 
[4],  NF4ASFA  appears  to  be  isotypic  with  PCIJPCU 
which  belongs  to  space  group  P4/n  (Cj*,  No.  85) 
[29, 30].  In  this  space  group,  the  NFJ  cation  would 
occupy  sites  of  symmetry  S4.  As  can  be  seen  from 
comparison  of  Tables  1  and  2.  the  observed  NFJ 
bands  agree  well  with  the  predictions  for  .S4  site 
symmetry,  but  not  with  those  for  Dj  or  D-j.  Simi¬ 
larly,  the  deviations  from  the  selection  rules, 
observed  for  AsF,;.  are  compatible  with  a  site  sym¬ 
metry  of  C4  (see  Table  3),  but  not  with  D,,,, 

D2  or  S4.  Based  on  these  results,  alternate  probable 
space  groups,  such  as  P4/nmm.  P42/n.  P4,22, 
P42/mmc,  P4/mnc  P42/mnm  or  P4/m,  can  be  ruled 
out. 

Since  the  A,  and  E  block  of  tetrahedral  NFJ 
contain  only  one  fundamental  vibration  each,  the 
values  of  the  corresponding  symmetry  force  con¬ 
stants  are  uniquely  determined.  For  the  F,  block 
which  contains  one  stretching  and  one  deformation 
mode,  additional  data,  such  as  isotopic 

shifts,  are  needed  to  allow  the  calculation  of  unique 
values  for  the  three  symmetry  force  constants. 

In  solid  NF4AsFft  the  F2  modes  of  NFJ  are  split 
under  S4  site  symmetry  into  one  B  and  one  doubly 
degenerate  E  mode.  Since  the  isotopic  shifts  of 
both  modes  are  very  similar  (see  Table  2).  weight¬ 
ing  of  the  shifts  can  be  neglected  and  a  simple 
average  was  used.  It  should  be  pointed  out  however 
that  in  certain  NFJ  salts,  such  as  NF.BF.,  [31].  the 
'■‘N-'^N  isotopic  shifts  of  the  i',(F.)  components 
can  differ  by  as  much  as  8cm  '.  thus  reqtiiring 
reliable  mode  assignments. 

As  expected  from  their  G  matri.x  elements,  the 
isotopic  shifts  of  und  I'q.f;)  were 
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Table  1.  Vibrational  spectra  of  '•'NF4ASFS  #nd  ’’NFjAsFs 


'*NF4AsF4 
i.r.  Raman 

'’NF4ASF4 
i.r.  Raman 

Assignments  (point  group)* 
NFifTJ  AsFs(OJ 

A  v'-’N-'-'N 

2360  vvwl 

2310  vvw^ 

2  vj(  A ,  +  E  +  Fj) 

2310VW  J 

2253  vw  J 

2012  Shi 

1984 shl 

1997  w  J 

1969  wj 

1780  shl 

1763  vw[ 

1732  vw 

i/j  +  i'4(A  1  +  £  +  Fj) 

29.2+1.8 

1760 sh  J 

1457 shl 

1455  shl 

2 

1453  w  J 

1451  w  J 

1398 vw 

1398  vw 

V,  +  1'3(F,„) 

1 290  vw 

1290  vw 

‘'2+*'3(Plu+p2u) 

1221.9  mw 

1218.2  mw 

2i'4(A,  +  E  +  Fj) 

1.85 

1 165  vs,  br 

fll65.0(l) 

1 135  vs,  br 

jn36.0(l) 

*'3(^2) 

29-0\  29.25i0.25 

11152.9  (0.6) 

\l  123.4  (0.6) 

29. 5J 

1056  shl 

1054  shl 

+  Va(F^  +  F,) 

1052  vwj 

1050 vwj 

882  (0  +  ) 

882  (0  +  ) 

2v-,(A,  +  A-,  +  E) 

848.2  (7.3) 

848.2  (7.3) 

■'•(A,) 

826  vw 

826  vw 

''2+»'6(P|u  +  f’2.,/ 

710.0  vs,  br 

704.5(1.5) 

710  vs,  br 

704.5(1.5) 

*'3(f|J 

685  sh 

685.4(10) 

685  sh 

685.4(10) 

>'i(Ai,) 

613.3  s 

613.3  (2.6) 

611.5s 

611.4  (2.6)1 

1.8±0.1 

609.0  s 

609.0  (5.2) 

607.3  s 

607.2  (5.2)j 

*'4(^2) 

v,(E,) 

1.7,  1.8j 

579  w 

578.3(1.2) 

579  w 

578.3(1.2) 

445.0(1.9) 

444.9(1.9)1 

Vj(£) 

Oi  0.1 

441.6  (2.0) 

441.5  (2.0)J 

395  s 

395  s 

‘'4(F,u) 

369.6  (3.6) 

369.6  (3.6) 

>'5(^2.) 

*  The  site  symmetry  of  NFJ  and  AsF;  in  NF^AsF*  is  S4  and  C4,  respectively  (see  text).  However,  since  reliable 
assignments  for  the  nearly  degenerate  vibrations  cannot  be  made  for  S4  and  C4,  the  observed  spectra  were  assigned  in 
point  group  Tj  and  0|,,  respectively. 


Table  2.  Correlation  table  for  the  internal  vibrations  of  NFJ  in  NF4ASFJ  for  space  group  P4/n  and 

Z  =  2 


Point  group 


A,  —  Raman*  • 


E  —  Raman 


*  Spectral  activity. 


Site  group 
S4 


Factor  group 

C4/,  Assignment 


-A  —  Raman 


^vmNF: 


>  s„„nf: 
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Tabic  3.  Cofrclallon  labic  for  the  internal  vibrations  of  Ash„  m  Nh\As!'„  fm  space  ernup  I’-l 

Z=2 


Point  group 

O. 


Site  group 
C\ 


Faclnr  group 

f'li,  Assignment 


A, —  Raman' 


A,„  —  Raman- 


H,  —  Raman 


;  ,  :  r. 


F,  —  Raman 


F,.. - 


■A  i  r,  Raman 


A  i.r.  Raman 


fl  —  Raman 


0^  —  Raman'^ 

0„ - 

—  Raman 

£„  i.r,  — 

0^  —  Raman"^ 

0„  -  - 

H,  —  Raman 

£„  i.r.  —  ) 


v„„,AsF„ 


>  '■..A.sl-,, 


>  A  ,  \sl 


A . AsFg 


5'AsF^ 


found  to  be  zero  within  experimental  error.  Those 
of  I'JFsi  and  halF;)  were  measured  to  be  29.25 1- 
(1.25  and  l.-SsO  l  cm  respectively.  These  values 
were  supported  by  preliminary  measurements  on 
"“NTjUKj  and  '\FjBF<  [31]  which  shows  very 
similar  averaged  isotopic  shifts  for  c,  and  Vj. 

For  the  computation  of  the  general  valence  force 
field  of  \F,  the  frequencies  and  isotopic  shifts 
listed  in  Table  4  were  used.  For  the  Fj  block,  the 
possible  ranges  of  the  two  diagonal  symmetry  force 
constants  Fn  and  F,4  and  the  'sotopic 


shifts  of  I'j  and  Vj  were  computed  as  a  function  of 
the  interaction  ci'nstanl  Fi4  by  trial  and  error  and 
by  the  use  of  the  expressions  previously  reported 
[32]  for  the  calculation  of  extremal  force  constant 
solutions.  The  revulls  of  these  calculations  are 
shown  ill  Fig.  1.  T  he  observed  '‘iV- \V  Isoiopic 
shifts  were  used  to  graphically  select  the  correct  F',. 
block  force  field.  The  isotopic  shift  of  Vj  svas  pre¬ 
ferred  because,  due  to  its  smallness,  anharmoiiicity 
corrections  should  be  unimportant  [33]. 

Since  the  slopes  of  the  Ac,  .and  An,  vs  F,j  plois 


Table  4.  Frcqucnc)  values.  ismopic  shifts  (crn'M.  general  valence  fcircc  field*  .nid  polciilial  energy  di'.inbu- 

lion  lor  SF' 


v''NF; 

1 

Symmetry  force  conslani's 

PED 

A  1 

vS4H.2 

H48.2 

0 

F,,  =  ,f,  -  3f„ -=  8  053 

E 

I'v 

44.V3 

443.3 

0 

F..  =  r,  -  2,f, ,  *  .  =  0,733 

F: 

1 158.95 

1U9.7 

29.25±I1.25 

F,,  =  /, -f„  =  5..s:i0.iih 

56F„-  43FT4-39F,. 

‘'-t 

611.15 

605.35 

:  H±o  1 

f,  *=  6. 153  2:  (1.1 
-  11.633  1 0.03 

l,5F,,-h7F,,  .  I8F„ 

‘Stretching,  bending  and  sirelch-bcnd  interaction  force  constants  have  units  ot  mdsn--,  ujovn/A  i.ulian  .i:id 
mdyn,  A  radian,  respectively.  r 


V*  As  in 
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Kiji,  i.  I',  lilock  (orcc  t'loij  ittulyn/Al  ;i(  SF;.  The 
cJijnonal  syniniciry  fnftc  constants  and  isotopic 

shifts  arc  plotted  as  a  function  of  the  interaction  constant 
The  rectangles  delineate  the  observed  '*,V~”.V 
isotopic  shifts  and  their  uncertainties.  The  broken  vertical 
and  solid  horizontal  lines  indicate  the  resulting  force 
constant  ranges. 

have  opposite  signs,  the  range  might  be  used  as 
a  rough  estimate  for  the  an.harmonicily  correction 
required  for  .iii.  Figure  1  indicates  an  anhor- 
moniciiy  corrcelion  of  ahtnit  1  cm  '  for  .io,.  sshich 
IS  in  line  svith  previous  estimates  for  similar 
molecules,  such  as  NT,  [34i, 

The  genera!  valence  force  field  and  the  potential 
energy  distribution  (PEDi  of  NFi  arc  summarized 
in  Table  4.  The  I’EID  indicates  significant  mixing  of 
•Si  and  Sh.  as  e.spectcd  [32,. for  a  strongly  mass 
coupled  system  [32.. 46',,  The  close  agreenicnl  be¬ 
tween  the  general  valenee  force  field  of  this  study 
and  the  previously  reported  [5,7[  approximate 
force  field  IS  in  line  with  Pfeiffer's  analysis  [371 
which  showcti  that  for  similar  molecules  the 
method  of  step-wise  coupling'  gives  the  best  agree¬ 
ment  with  the  general  valence  force  field  values.  A 
comparison  of  the  Nt-  stretching  force  constant  of 
\l-‘[  (6. 1  mdyn',\  with  those  and  the  \F  bond 
distances  of  PNO  if  =  2.1.‘'  mdyn/A,  r^.,.  =  1.512  A| 
and  Nb,  (/,  =  4  .4 1  niJyn;A,  r.^,-  1.365  A)  [35] 
suggests  for  Nb’[  an  unusually  strong  and  short 
It'  1 .24  A  p  Nr  bond. 

.AcsPi/nv.'edgenicnis — The  author  is  indebted  to  Drv.  L.  R. 
(Ik.sm.  E.  (.'.  C'l'H'.ls.  C  J.  SciiA.'K  and  W.  W.  Wii.'ion 


for  useful  diseussions.  to  .Mr.  R.  D.  Wii.so.S'  fnr  esperi- 
mental  he’-p.  and  to  Dr.  I-.  Pim  ipi.i.  for  the  recording  of 
snmc  of  the  Raman  spceirii.  This  ivork  was  in  pan  sup¬ 
ported  by  ihe  Oifiee  of  Sus.it  Research  and  Ihe  kJ  S. 
Army  Rcseareh  Olliee 
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Synthesis  and  Characterization  of  (NF4)2MnF5 
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The  synthesis  of  novel  NF,*  salts  containing  doubly  or  triply  charged  3d  transition-metal  fluoride  anions  was  studied.  The 
new  compound  (NF4)2MnFj  was  prepared  and  characterize.  The  combination  of  good  thermal  stability  and  high  active 
fluorine  content  makes  (NF4)jMnFs  an  outstanding  solid  oxidizer. 


Introduction 

Due  to  the  high-energy  kinetic  stability  of  the  NF4‘^  cation,' 
salts  are  important  high-energy  oxidizers.  In  order  to 
maximize  the  oxidizing  power  of  such  salts,  it  is  desirable  to 
combine  as  many  NF4''’  cations  as  possible  with  a  given  anion. 
Furthermore,  the  anion  should  be  as  light  as  possible  and  also 
be  an  oxidizer.  Of  the  presently  known  NF4‘''  salis,^  (N- 
F4)2NiF4^  has  the  highest  active  fluorine  content  or  oxidizing 
capacity.  However,  its  marginal  thermal  stability  limits  its 
usefulness.  Consequently,  compounds  having  comparable 
fluorine  content  but  possessing  better  thermal  stability  are 
highly  desirable.  This  paper  describes  the  results  of  a  sys¬ 
tematic  study  on  the  synthesis  of  NF4'''  salts  derived  from  3d 
transition-metal  fluorides  and  the  successful  synthesis  of  the 
novel  (NF4)2MnF|s  salt. 

Experimental  Section 

Materials  and  Apparatus.  The  equipment,  handling  techniques, 
and  spectrometers  used  in  this  study  have  previously  been  described.'-^ 
A  literature  method''  was  used  for  the  synthesis  of  NF4SfaFj.  For 
the  synthesis  of  CsjMnFj,  a  previously  reported  method^  was  slightly 
modified.  Anhydrous  MnClj  and  dry  CsF,  in  a  1:2  mole  ratio,  were 
fluorinated  in  a  Monel  cylinder  at  400  ®C  for  36  h  by  using  a  MnCljiFj 
mole  ratio  of  1:10.  On  the  basis  of  the  observed  material  balance, 
elemental  analysis.  X-ray  diffraction  powder  pattern,  and  vibtrational 
spectra,  the  resulting  yellow  solid  consisted  of  high-purity  CsjMnF,. 

The  CS2CUF4  salt  was  prepared  by  high-pressure  fluorination  of 
a  mixture  of  CsF  and  CuClj  in  a  2:1  mole  ratio.  The  conditions  (400 
“C,  18  h,  130  atm)  were  similar  to  those*  previously  reported. 
However,  during  unsuccessful  attempts  to  prepare  CsjCuFj  in  a  similar 
manner,  it  was  noticed  that  very  mild  fluorination  conditons  (flow 
reactor.  200  °C)  sufficed  to  prepare  CS2CUF4.  This  brick  red  com¬ 
pound  was  always  formed  as  the  major  product,  instead  of  the  pale 
green  CsjCuFj.  At  the  lower  fluorination  temperatures,  the  fluori¬ 
nation  product  also  contained  CSCIF4,  The  infrared  spectrum  of 
CS2CUF4  showed  major  bands  at  670,  570,  480,  and  430  cm"'.  The 
compatibility  of  Cs2CuFj  with  different  solvents  BrFs. 

Cs2CuFs  is  stable  but  highly  insoluble,  whereas  in  anhydrous  HF, 
it  is  soluble  but  undergoes  a  reaction  even  at  -78  °C,  resulting  in  the 
formation  of  a  brown  solid.  When  the  Cs2CuFs-HF  solutions  were 
warmed  to  room  temperature,  fluorine  evolution  was  observed,  in 
agreement  with  a  previous  report.’ 

Preparation  of  (NF4)2MnFj.  In  the  N2  atmosphere  of  a  drybox 
a  mixture  of  NF4SbF4  (37.29  mmol)  and  Cs2MnFj  (18.53  mmol)  was 
placed  into  the  bottom  of  a  prepassivated  (with  CIF3)  Teflon  FEP 
double  U-tubc  metathesis  apparatus.  Dry  HF*  (20  mL  of  liquid)  was 
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added  at  -78  °C  on  the  vacuum  line,  and  the  mixture  was  warmed 
to  25  “C  for  30  min  with  stirring.  The  mixture  was  cooled  to  -78 
®C  and  pressure  filtered  at  this  temperature.  The  HF  solvent  was 
pumped  off  at  30  “C  for  12  h.  The  white  filter  cake  (14  g;  weight 
calculated  for  37.1  mmol  of  CsSbFj  =  13.7  g)  was  shown  by  Raman 
spectroscopy  to  consist  mainly  of  CsSbFj.  The  yellow  filtrate  residue 
(6.1  g;  weight  calculated  for  18.5  mmol  of  (NF4)2MnFs  =  6.46  g) 
was  shown  by  elemental  analysis  to  have  the  following  composition 
(weight  %):  (NF4)2MnF4,  91.27;  NF4SbF4,  4.27;  CsSbFj,  4.46.  For 
the  elemental  analysis,  a  sample  of  (NF4)2MnFj  was  hydrolyzed  in 
H2O,  the  NF]  and  O2  evolution  was  measured  by  FFT  and  gas 
chromatography,  and  Cs,  Sb,  and  Mn  in  the  hydrolysate  were  de¬ 
termined  by  atomic  absorption  spectroscopy.  Anal.  Calcd  for 
((NF4)2MnF4]„.27lNF*SbF,]4.27[CsSbFj]446:  NFj,  38.07;  Mn.  14.37; 
Sb,  3.07;  Cs,  1.61.  Found:  NFj,  37.8;  Mn.  14.5;  Sb.  3.10;  Cs,  1.62. 

Caution!  The  reaction  of  (NF4)2MnF4  with  H2O  is  extremely 
violent,  and  proper  safety  precautions  must  be  used. 

The  C0FJ-NF4HH2  System.  A  suspension  of  CoFj  (231  mg  =  2 
mmol)  in  a  freshly  prepared  concentrated  NF4HF2-HF  solution’  (15 
mmol  of  NF4HF2)  was  stirred  at  -45  °C  for  4  h.  The  tan  CoFj  did 
not  appear  to  react,  and  no  evidence  for  the  formation  of  pale  blue 
C0F4’'  was  observed.  The  HF  solvent  was  pumped  off  while  the 
mixture  was  allowed  to  warm  slowly  toward  ambient  temperature. 
At  this  temperature,  the  NF4HF2-/iHF  underwent  decomposition  and 
was  also  pumped  off.  To  ensure  complete  decomposition  of  NF4HF2, 
we  warmed  the  mixture  to  45  ®C  for  4  h  under  a  dynamic  vacuum. 
The  tan  solid  residue  (230  mg)  was  shown  by  vibrational  spectroscopy 
to  be  unreacted  CoFj. 

Results  and  Discussion 

In  view  of  the  marginal  thermal  stability  of  (NF4)2NiFj  it 
was  interesting  to  investigate  the  possibility  of  synthesizing 
other  NF4'''  salts  containing  multiply  charged  anions  derived 
from  higher  oxidation  state  transition-metal  fluorides.  It  was 
hoped  to  obtain  a  salt  which  would  be  comparable  to  (N- 
F4)2NiF6  in  its  active  fluorine  content  but  possess  better 
thermal  stability.  The  following  anions  were  considered  most 
promising;  CuFj’",  NiFj^',  CoFs’",  MnFj’’,  CuFj’",  CoFj’", 
and  MnFj’". 

Attempted  Syntheses  of  (NF4)3MFj  Salts.  In  a  previous 
study,’  it  was  shown  that  the  above  listed  triply  charged  anions 
undergo  solvolysis  in  HF.  Furthermore,  it  was  found  that 
CuFs’'  decomposed  with  F2  evolution  and  NiF^’"  dispropor- 
tionated  with  NiF^’"  formation  but  that  for  CoFj^‘  the  sol¬ 
volysis  to  CoF4'  +  2  HF2’  could  be  suppressed  by  the  addition 
of  a  10- 20-fold  excess  of  fluoride  ion  to  the  solution.  In  view 
of  these  results,  a  simple  metathctical  reaction  of  an  MF^’' 
salt  in  HF  solution  according  to 

H  F 

3NF4SbFs  -h  CsjMFs - ►  3CsSbFsl  +  (NF4)3MF6 

is  preempted  by  the  unavoidable  soivolysis  of  MF^’'.  However, 
the  synthesis  of  a  CoFe’^  salt  might  be  possible  in  the  presence 
of  a  large  excess  of  fluoride  ion.  providai  the  excess  of  fluoride 
can  be  readily  removed  from  the  product.  Such  a  method  was 
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(8)  K.  O.  Chrisic.  W,  W.  Wilson,  and  C,  J.  Schack,  J,  Fluorine  Chem..  !t, 

71  (1978). 
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recently  discovered’  and  successfully  applied  to  the  synthesis 
of  NF4UF5O  according  to 

HF 

NF4HF2  +  UF4O - -  NF4UF5O  +  HF 

NF4HF2  is  thermally  unstable^  and  decomposes  at  30  °C  to 
NFj,  Fj,  and  HF,  which  arc  all  gases.  Therefore,  the  HF 
solvent  can  be  pumped  off  first  at  low  temperature,  followed 
by  decomposition  and  removal  of  the  excess  NF4HF2.  Ap¬ 
plication  of  this  method  to  the  synthesis  of  (NF4)3CoFj  ac¬ 
cording  to 

HF 

3NF4HF2  -t-  CoFj  (NF4),CoF4  +  3HF 

was  unsuccessful,  and  no  evidence  for  the  formation  of  a  co¬ 
balt-containing  NF4*  salt  was  obtained.  Only  unreacted  C0F3 
was  recovered. 

Syntheses  of  (NF4)2MF4  Salts.  Since  the  MF*,^'  anions 
contain  one  negative  charge  less  than  the  MFj^‘  ones,  they  arc 
less  basic  and,  therefore,  are  less  likely  to  undergo  solvolysis 
in  the  strongly  acidic  solvent  HF.  The  compatibility  of  TiFj^' 
and  NiFs^‘  with  HF  has  previously  been  demonstrated^'’-'®  and 
led  to  the  successful  syntheses  of  (NF4)2TiF4'®  and  (NF4)2- 
NiFj.^  During  this  study  the  compatibility  of  CS2CUF4  with 
HF  was  studied.  It  was  found  that  CS2CUF4  reacts,  even  at 
low  temperature,  with  HF  to  form  a  dark  brown  solid.  At 
room  temperature,  decomposition  with  fluorine  evolution  oc¬ 
curs.  The  compatibility  of  CsjCoF^  with  HF  was  not  examined 
since  Court  had  previously  shown’  that  this  salt  is  unstable 
in  HF  solution. 

In  agreement  with  a  previous  report,’  MnFj’'  was  found 
to  be  stable  in  HF  solution.  Consequently,  the  metathetical 
reaction 

2NF4SbF«  +  CsjMnFs  —  2CsSbF(ii  +  (NF4)2MnF6 


Tabic  I.  X-ray  Powder  Data  lor  (NI'.),MI  ,  Sails 
(M  =  .\ln,  Ge,  Ti.  Sii)“ 
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Table  II.  Crystallographic  Data  of  (NI'.),MF,  Salts 
(,M  =  Ti,  ,Mn.  Ni.  Ce,  Sn)“ 

tetragonal  unit  cell 
dimensions 


calcd 


a.  A 

f.  A 

V.  A’ 

A» 

8/cm’ 

(NFjJiF, 

6.99 

9.28 

4S3 

16.2 

2.51 

(NF,),Mnl- 

(NF,),NiF.b 

6.90 

9.23 

440 

15.7 

2.64 

6.83 

9.27 

432 

15.4 

2.71 

(NFJjGcF. 

6.92 

9.25 

443 

15.8 

2.75 

(NF,),SnF. 

7.05 

9.41 

468 

16.7 

2.93 

“  Space  group  /4/m  (No.  87);  Z  =  2.  ®  Data  from  ref  13. 

was  completely  decomposed  under  a  dynamic  vacuum  at  240 
*C.  On  the  basis  of  its  weight,  X-ray  powder  diffraction 
pattern,"  and  mauve  color,  this  residue  was  identified  as  MnF3. 
Consequently,  (NF4)2MnFj  decomposes  according  to 


was  carried  out  which  resulted  in  the  isolation  of  the  novel 
(NF4)2MnF|i  salt.  Since  the  impurities  NF4SbFj  and  CsSbF^ 
are  well  characterized,  no  attempts  were  undertaken  to  purify 
the  compound  by  well-estabished^  recrystallization  techniques. 

Properties  of  (NF4)2MnFs.  The  (NF4)2MnF(i  salt  is  a 
yellow,  crystalline  solid  which  is  highly  soluble  in  anhydrous 
HF.  At  24  ®C,  its  solubility  exceeds  1.30  g/g  of  HF.  It  is 
stable  at  room  temperature,  and,  in  the  absence  of  fuels,  it  is 
not  shock  sensitive.  With  water  a  violent  reaction  occurs, 
similar  to  that  previously  reported’  for  (NF4)2NiFj.  By 
analogy  with  the  other  known  NF4*  salts,  the  hydrolysis  was 
found  to  result  in  quantitative  NF3  evolution  and,  therefore, 
is  a  useful  analytical  method.  The  hydrolysis  also  produced 
oxygen  in  a  NFjiO.  mole  ratio  of  8:5  in  excellent 
with  the  equation 

4(NF4)2MnF(,  +  lOHjO  -* 

8NF,  +  5O2  -F  20HF  +  4MnF3 

Thermal  Decomposition.  At  65  °C,  (NF4)2MnF4  appears 
to  be  stable,  but  at  about  100  “C  it  starts  to  slowly  decompose. 
Us  decomposition  rate  in  a  sapphire  reactor  was  monitored 
by  total  pressure  measurements  over  the  temperature  range 
100-130  °C.  Except  for  a  slightly  faster  rate  during  the  first 
20  min,  the  decomposition  pressures  increased  approximately 
linearly  with  time  at  100  “C.  At  130  “C,  the  rates  slightly 
accelerated  with  increasing  time;  however,  this  rate  increase 
was  quite  small.  At  100  °C.  0.17%  of  the  sample  decomposed 
in  1 7  h.  whereas,  at  1 30  °C.  0.66%  of  the  sample  decomposed 
in  the  same  time.  The  gaseous  decomposition  products  con¬ 
sisted  of  NF,  and  F2  in  a  mole  ratio  of  about  .2.  For 
identification  of  the  solid  residue,  a  sample  of  {■'  F4)2MnF^ 


f9)  W  W.  Wilson  :iml  K,  O.  C'hnslc.  J.  fnor^  Nucl.  Cheni.,  in  pres^. 


2(NF«)2MnF»  -  4NF3  +  SFj  +  2MnFj 

A  comparison  with  the  decomposition  data  previously  pub¬ 
lished’  for  (NF4)2NiFj  shows  that  the  normal  stability  of 
(NF4)2MnFj  is  significantly  higher  than  that  of  (NF4)2NiF4 
which  in  6  h  at  100  ®C  exhibited  9%  decomposition. 

Crystallographic  Data.  The  X-ray  powder  diffraction 
pattern  of  (NF4)2MnFj  are  listed  in  Table  I.  The  pattern  is 
very  similar  to  those  of  other  (NF4)2lVIFs  salts  (M  =  Ge,  Ti, 
Sn.  Ni).’-’-'®  '’-'’  indicating  that  these  salts  are  isotypic.  Recent 
studies  on  both  powdered  and  single-crystal  (NF4)2NiFft  have 
shown  that  this  compound  crystallizes  in  a  tetragonal  form 
derived  from  the  K.PtCI*  structure  and  belongs  to  space  group 
/4/w.  Consequently,  the  indexing,  previously  proposed  for 
the  (NF4)2MFj  salts  (M  =  Gc.  Ti.  Sn.  Ni).'-’  '®  '’  was  revised 
according  to  ref  13.  The  revised  patterns  and  the  crystallo¬ 
graphic  data  are  given  in  Tables  I  and  II,  respectively.  Some 
of  the  additional  lines,  previously  observed, were  found 
to  be  due  to  small  amounts  of  polyanion  salts  such  as  (N- 
F4):Ge2F,Q0r  (NF4)2Sn2F|o.  As  expected,  the  size  of  the  unit 
cell  decreass  from  (NF^/jTiF^  to  (NF^l-NiF*  owing  to  the 
transition-metal  contraction  and  then  increases  again  when 
going  from  Ni  to  the  main-group  elements. 

NMR  Spectrum.  The  ionic  nature  of  (NF4)2MnF(,  in  HF 
solution  was  established  by  its  ’’F  NMR  spectrum  which  was 
recorded  over  the  temperature  range  +20  to  -75  °C.  It 
showed  at  all  temperatures  a  broad  resonance  at  0  -218 
(downfield  from  external  CFCI3),  characteristic  of  N  F4^.  The 
lack  of  observable  NF  spin-spin  coupling,  generally  seen  for 
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in  press. 
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Table  III.  Vibrational  Spectra  of  Solid  (NF 

\,),.\tnF*  anil 

obsd  freq,  cm"',  and  rcl  intens® 

(NF,),MnF. 

C  Sj  .MnI  , 

assiynt  (point  yroup)* 

IR 

Raman 

IR 

Raman 

M  .•  (Tj) 

Mnl  iOf,) 

2310 vw 

2v,  (A  +  1:  -f  F,) 

2000  w 

V,  -r  V,  (F.) 

1759 vw 

V,  -f  V,  (A,  +  F  +  F.) 

1466  w 

V,  +v.  (1,) 

1221  mw 

1240sh 

1202  vw 

2v.  (A,  -r  1;  +  r,) 

>v,  J-  v,  (F,u) 

1160  vs 

1155  vw 

v,  (I-,) 

) 

+  V,  (I'lu  +  F.-u) 

IllOsh 
1061  vw 

Ill6w 

r,  +  V,  (F,  f  F,) 

} 

915  vw 

919  vw 

V,  *  V.  (1  ,u) 

856  ww 
760  sh 

855  m 

745  sh 

V,  (A,) 

ZV,  +  V.  (F.u  4  1  .„) 

735  sh 

732  w 

620  vs 

593  vs 

620  vs 

590  vs 

v.  (I  ,) 

v,  (I'.u) 

569  vw 

500  vw 

505  m 

502  m 

V.  (F,) 

450  vw 

450  w 

381  vw 

»,  (F) 

338  s 

304 1 

338  s 

304s 

v.  (I'.u) 

(F,,) 

"  Uncorrected  Raman  Iniemilles.  *  By  analory  with  (NF.),NiF,**  the  actual  site  cymmciries  of  NT/  and  Mnl\’'  arc  probably  5,  and  C^, 
respectively,  thus  explaining  the  observed  sUght  deviatlom  from  the  selection  rules  for  Tj  and  Of,. 
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Figure).  Infrared  spectra  of  solid  Cs;MnFj  and  (l^JrSj^nfTfBOordcd 
at  25  °C  as  dry  powders  pressed  between  AgCI  disks.  The  broken 
lines  indicate  ateorption  due  to  the  window  material. 

tetrahedral  NFa*.'*-”  is  attributed  to  the  influence  of  the 
paramagnetic  MnF^^'  anion  which  can  provide  rapid  relaxa¬ 
tion. 

Vibrational  Spectra.  The  ionic  nature  of  (NF4)2MnFs  in 
the  solid  state  was  established  by  its  vibrational  spectra  which 
exhibit  the  bands  characteristic  for  NF^*'-  and  MnFs’’.''' 

114)  K.  O.  ChriMc,  J.  P.  Guertin.  A.  K.  Pavlaih.  and  W.  Sawodnv. 

Chrm..  6,  5.U  (1967). 

(15)  W.  B.  Tolbcrg,  R.  T.  Rcwick.  R.  S.  Suingham.  and  M.  E  Hill,  fnorg 
Chem..  6.  1156  (1967). 

(16)  S.  L.  Chodos.  .A.  M.  Black,  and  C.  D  Flint,  J.  Chem.  Phy.s..  65,  4M16 
( 1976).  and  references  ciled  therein. 


Hgure  1  shows  the  infrared  spectrum  of  (NF4)2MnF4,  com¬ 
pared  to  that  of  Cs2Mnt^»-  Great  difTiculties  were  encountered 
in  obuining  good-quality  Raman  spectra  with  the  blue  4880-A 
exciting  line  of  our  spectrometer  due  to  strong  luminescence'^ 
(ruby  red  red  light  emission).  However,  the  principal  Raman 
lines  of  NF/  and  MnFj^'  '*  were  observable  even  under  these 
conditions.  The  observ^  vibrational  frequencies  and  their 
assignments  are  summarized  in  Table  III.  Since  the  as¬ 
signments  of  NF4*  and  MnFj*'  '*  are  well  established,  no 
further  discussion  is  required. 

SaMMry 

The  present  study  shows  that,  in  HF  solution,  solvolysis 
preempts  the  metathctical  synthesis  of  NF4*  salts  containing 
triply  charged  MF*’"  anions  derived  from  3d  transition-metal 
Huo^cs.  On  the  other  hand,  three  NF4*  salts  derived  from 
doubly  charged  anions  arc  accessible  by  this  method. 
These  salts  are  (NF4)2TiF».">  (NF4)2MnFs,  and  (NF4)2NiF4.’ 
All  of  them  arc  stable  at  room  temperature,  with  (NF4)2NiF4 
possessing  the  lowest  thermal  stability.  The  existence  of  stable 
NF4*  salts  of  TiFu^",  MnFj^',  and  NiFj^'  can  be  explained  by 
the  favorable  d®,  d^  (high-spin)  and  d‘  (low-spin)  electron 
configurations,  respectively,  of  these  anions.  The  combination 
of  good  thcTmal  stability  with  high  artive  fluorine  content  ( 1 .58 
g/cm^)  renders  (NF4);MnFn  a  very  attractive  candidate  for 
solid  oxidizer  applications. 
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HIGH  DETONATION  PRESSURE  EXPLOSIVES 

BACKGROUND  OF  THE  INVENTION 

1.  Field  of  the  Invention.  ^ 

This  invention  relates  to  insensitive,  high  perfor¬ 
mance  explosives. 

2.  Description  of  the  Prior  Art. 

The  use  of  organic  nitro  compounds  as  explosives  is 
well  known.  These  compounds  are  self-oxidizing,  i.e., 
the  nitro  groups  provide  the  oxygen  used  in  oxidation. 

The  highest  detonation  pressures  achievable  with  the 
currently  used  organic  nitro  compounds  are  about  390 
kbar.  Further,  the  best  performers  (those  from  which 
detonation  pressures  approaching  390  Kbar  are  achiev- 
able)  are  highly  sensitive.  Thus,  the  use  of  the  highest 
performing  organic  nitro  compounds  as  explosives  is 
risky  and  impractical.  On  the  other  hand,  the  lower 
performing  explosives  which  possess  acceptable  stabil¬ 
ity  are,  without  exception,  underoxidized  and  generally 
exhibit  low  densities.  The  densities  of  the  stable  explo¬ 
sives  are  generally  less  than  two  grams  per  cm^.  These 
two  factors,  i.e.,  the  underoxidized  nature  of  the  stable 
organic  nitro  compounds  and  their  low  densities,  se¬ 
verely  limit  their  performance.  25 

SUMMARY  OF  THE  INVENTION 

It  has  now  been  found  that  the  performance  of  explo¬ 
sives  based  on  commonly  used  organic  nitro  com¬ 
pounds  can  be  increased  to  about  530  kbar  by  adding  30 
certain  dense  and  stable  but  highly  energetic  inorganic 
oxidizers.  Among  the  suitable  oxidizers  are; 
(NF4)2TiF6,  NF4BF4,  Ti(CI04)4,  (NF4)2  NiF«  and  other 
hereinafter  named  compounds. 

DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENTS 

Typical  examples  of  performance  increases  achiev¬ 
able  by  the  use  of  the  inorganic  oxidizers  of  this  inven¬ 
tion  are  illustrated  in  the  following  table.  40 

_ TABLE _ 

Eximples  of  ThcorcticaJ 
Performince  Improvements 

Detonation 

System  _ Weight  %  Pressure  (kb) 


Nilroquanidine  (NQ) 

100 

255 

NQ  -1-  (NF4)2TiF6 

43-37 

349 

Triiminotnnitrobenzenc  (TATB) 

100 

280 

TATB  +  NF4  BF4 

29-71 

375 

TATB  4-  (NF4)j  TiFt 

30-7l!r^ 

HMX 

100 

382 

HMX  +  NF4BF4 

51-49 

449 

HMX  +  Ti  (CI04)4 

7(^30 

456 

HMX  +  (NF4)2  TiF* 

32-48 

471 

HMX  f  (NF4)2  NiF* 

36-44 

527 

The  detonation  pressures  set  forth  in  the  foregoing 
table  were  calculated  by  means  of  the  Kamlet  correla¬ 
tion  (/  Chem.  Phys.,  48,  23  (1968)),  a  method  commonly 
used  for  the  performance  evaluation  of  explosives.  The 
percentage  of  oxidizer  used  was  chosen  to  obtain  com-  60 
plele  combustion  of  the  organic  nitro  compound  (to 
CO),  N)  and  HF  in  the  ca.4e  of  HMX  or  NQ  and  to 
COF2,  N2and  HF  in  the  case  of  TATB).  As  can  be  seen 
from  the  table,  the  performance  of  organic  nitro  explo¬ 
sives  is  significantly  incrca.sed  by  the  addition  of  dense  65 
energetic  inorgaic  oxidizers. 

Laboratory  tests  have  shown  that  the  oxidizers  and 
explosives  arc  mutually  compatible.  For  example.  HMX 


2 

and  NF4BF4  were  found  to  be  stable  at  1 50"  C.  and  drop 
weight  tests  of  the  HMX/NF4BF4  mixtures  showed 
only  a  moderate  increase  in  sensitivity  over  that  of  pure 

HMX. 

The  examples  given  in  the  above  table  are  illustrative 
only  and  are  not  intended  to  limit  the  scope  of  the  in¬ 
vention.  Other  commonly  used,  underoxidized  organic 
nitro  compounds  of  suitable  stability  could  be  substi¬ 
tuted  for  the  explosives  given  as  examples  in  the  table. 

'  Similarly,  other  inorganic  oxidizers  could  be  substituted 
for  those  listed  in  the  table. 

The  primary  requirements  for  suitable  oxidizers  are 
high  energy  content,  high  density,  high  thermal  stability 
and  low  reactivity  with  the  organic  nitro  compounds. 
From  this  point  of  view,  NFz-f  containing  salts  are 
ideally  suited.  The  NF4 -I- cation  is  isoelectronic  with 
the  extremely  inert  CF4  molecule  and,  therefore,  in  spite 
of  its  high  energy  content,  a  relatively  high  activation 
energy  is  required  to  cause  it  to  react  with  other  com¬ 
pounds. 

The  concept  of  this  invention  is  not  limited  to  fluo¬ 
rine  containing  oxidizers.  As  can  be  seen  from  the  exam¬ 
ple  of  Ti(C104)4in  the  table,  this  fluorine-free  oxidizer  is 
equally  useful.  By  analogy  with  the  NF4'|-  salts,  Ti(- 
C104)4  possesses  all  the  necessary  properties  for  '.jsc  as 
an  explosive  ingredient. 

Although  oxygen  containing  oxidizers  will  be  as  ef¬ 
fective  as  fluorine  containing  oxidizers  in  most  explo¬ 
sives,  fluorine  containing  oxidizers  are  advantageous  in 
aluminized  formulations.  The  addition  of  aluminum  is 
known  to  increase  the  performance  of  an  explosive,  but 
the  AI2O3  combustion  product  formed  in  a  fluorine-free 
system  may  not  remain  for  a  long  enough  time  in  the  gas 
phase.  AIF3,  on  the  other  hand,  is  formed  as  a  combus¬ 
tion  product  when  fluorine  containing  oxidizers  are 
used.  Since  AlFj  (sublimation  point  1270"  C.)  is  much 
more  volatile  than  AI2O3  (boiling  point  2250'  C.),  the 
use  of  fluorine  containing  oxidizers  offers  a  distinct 
advantage  for  aluminized  systems  in  that  efficiencies 
higher  than  those  obtainable  with  oxygen  containing 
oxidizers  are  achieved. 

It  has  been  stated  above  that  the  oxidizers  listed  in  the 
table  are  illustrative  only.  Examples  of  other  suitable 
oxidizers  are  NFa-f  salts  such  as:  NF4Sb3Fi6. 
NFsSbFs,  NF4HF2,  NFsBiFe,  NFzPFs,  NF4GeFs. 
NF4ASF6,  NFaTizF?,  NF4Ti3Fi3,  NF4Ti6F25, 
(NF4)2SnF6  and  NF4SnF5and  other  metal  perchlorates. 

The  salts  disclosed  herein  are  not  soluble  in  organic 
nitro  compounds  so  their  use  in  liquid  explosives  in 
conjunction  with  liquid  organic  compounds  is  not  possi¬ 
ble.  However,  they  m.ay  be  used  in  plastic  bonded 
(solid)  explosives  of  the  type  wherein  explosive  ingredi¬ 
ents  are  bound  in  a  suitable  binder  (many  of  which  are 
known  in  the  art)  and  in  slurries  where  oxidizer  parti¬ 
cles  are  suspended  in  liquid  organic  nitro  compounds. 

What  is  claimed  is: 

1.  An  explosive  composition  comprising  an  explosive 
organic  nitro  compound,  and  enough  of  a  dense  inor¬ 
ganic  oxidizer  having  an  NF4-f  ion  in  conjunction  with 
said  organic  nitro  compound  to  improve  detonation 
pressure. 

2.  An  explosive  composition  according  to  claim  1 
wherein  said  NF4+  containing  oxidizer  is  selected  from 
the  group  consisting  of  (NF4))TiFf,.  NFallFa. 
(NF4)2NiFe„  NF45b.iFis,  NF4SbF6,  NFiHF;.  NFaBiFs, 
NFal’Ff,,  NF4GeFs.  NF4ASFS,  NF4T'i:F,.,  NFjTi-.Fi.i. 
NF4TisF2s.  (NF4)2SnFs  and  NF4SnFi. 
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3.  An  ixplotive  competition  tccording  to  citim  1 
which  U  t  tlurried  explotive  whecem  ptrticles  of  uid 
dente  inorginic  oxidltcr  afe  suspended  in  a  liquid  or¬ 
ganic  nitre  compound. 

4.  An  explosive  composition  tcco.ding  to  claim  t 
wherein  said  organic  nitro  compound  it  selected  from 
the  group  consisting  of  inaminotrinilrobenzene,  ni- 
tfoguanidine  and  cyclotetran.ethylenetetranitramine. 


4 

5.  An  explosive  composition  according  to  claim  4 
wherein  said  organic  nitro  compound  Is  nllroguanidine 
and  said  dense  inorganic  oxidizer  Is  (NPzfjTiPs- 

6.  An  explosive  composition  according  to  claim  1 
wherein  said  organic  nitro  compound  is  iriaminotrini- 
irofaenzene  and  said  dente  inorganic  oxidizer  is  selected 
from  the  group  consisting  of  NFzBPz  and  (NFshTiFa. 

1.  An  explosive  comp^tion  according  to  claim  1 
wherein  said  organic  nitro  compound  Is  HMX  and  said 
dense  inorganic  oxidizer  Is  selected  from  the  group 
consisting  of  NFzBFz ,  (NFzljTiFs  and  (NFOtNiF*. 

•  *  •  •  * 
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Abstract 


The  Infrared  spectrum  of  gaseous  and  the  Raman  spectrum  of  liquid  CF^N^ 

were  recorded.  A  total  of  14  fundamental  vibrations  out  of  15.  expected 

for  a  model  of  symmetry  C  with  hindered  rotation,  were  observed  and  assigned. 
19  * 

The  uv,  F  NMR  and  mass  spectra  were  also  recorded  and  confirm  the  presence 
of  a  covalent  azido  group.  The  melting  point  and  vapor  pressure  curve  of 
CFjN^  are  reported. 


Introduction 


Although  the  existence  of  CF.N,  has  been  known  for  almost  two  decades  , 

*  3  J 

very  little  is  known  about  this  interesting  molecule.  In  I96I  Makarov  and 

coworkers  mentioned*  that  CF_N_  is  formed  during  the  chlorination  of  CF  NNNH 

i  i  2  32 

and  in  I968  they  described  its  synthesis  in  more  detail  .  However,  the 

compound  was  only  characterized  by  elemental  anlysis,  its  boiling  point,  and 

2 

a  statement  concerning  its  explosive  properties  at  elevated  temperature. 

No  further  information  on  could  be  found  in  the  literature.  This  is 

not  surprising  in  view  oL4ihflii..ieiSplosive  character,  generally  exhibited  by 
3  4* 

covalent  azides.  ’  *  In  view  of  this  paucity  of  data,  a  characterization  of 
CF3N3  was  carried  out,  the  results  of  which  are  summarized  in  this  paper. 


Experimenta i 


Caution:  Although  no  explosions  were  encountered  in  this  study,  covalent 

3  4 

azides  are  in  general  explosive,  ’  and  Makarov  and  cowork-.-rs  reported  that 

CF3N3  explodes  at  330*^C.  Consequently,  appropriate  safety  precautions 

should  be  taken  when  working  with  larger  amounts  of  CF.N... 

3  'j 
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Haterials  and  Apparatus.  Volatile  materials  were  manipulated  in  n  stain¬ 
less  steel  vacuum  line  equipped  with  Teflon  FEP  U  traps  and  316  stainless 
steel  bellows-seal  valves  and  a  Heise  Bourdon  tube-type  pressure  gauge. 

Gas  chromatographic  data  were  obtained  using  a  Varian  GC  under  isothe  '"''! 
conditions  with  a  stainless  steel  column  (1/8"  X  10')  packed  with  Poropak  PS. 
Tr i f 1 uoron i t rosomethane  (PCR  Research  Chemicals,  Inc.)  and  hydrazine  (01  in- 
Mathieson)  were  used  as  received. 

Infrared  spectra  were  recorded  in  the  range  14000*200  cm  '  on  a 

Perkln-Elmer  Model  283  spectrophotometer  using  a  Teflon  cell  of  5  cm 

pathlength  equipped  with  Csl  windows.  The  spect roiie te r  was  calibrated  by 

5  6 

comparison  with  standard  gas  calibration  points,  ’  and  the  reported  fre¬ 
quencies  are  believed  to  be  accurate  to  -2  cm  ' . 


The  Raman  spectra  were  recorded  on  a  Cary  Model  83  spectrophotometer 
using  the  1*88  nm  exciting  tine  of  an  Ar-ion  laser  and  a  Claassen  filter^ 
for  the  elimination  of  plasma  lines.  Quartz  tubes  mm  o.d.),  closed  by 
a  metal  valve,  were  used  as  sample  containers  in  the  t ransverse- v 1 ew i ng , 

g 

transverse-excitation  technique.  A  previously  described  device  was  used  for 
recording  the  low- temperature  spectra.  Polarization  measurements  were  carried 
out  by  method  VIII  as  described  by  Claassen  et  a) . ^ 


1 Q 

The  F  NMR  spectra  were  recorded  at  81*.  6  MHz  on  a  Varian  Model  EM  390 

spectrometer.  Chemical  shifts  were  determined  rv^lative  to  the  CFC'  solvent 

9  ^ 

with  positive  shifts  being  downfle'd  from  CFCl^. 


The  mass  spectra  were  recorded  with  an  EAI  Quad  300  quadrupole  spectrometer 
at  an  ionization  potential  of  1*0  eV. 


The  UV  spectra  were  recorded  on  Cary  Model  1 1*  spectrophoto.meter  using 
a  stainless  steel  cell  of  10  cm  pathlength  equipped  -(ith  sapphire  v.Tndcv.'S. 

Synthesis  of  CF^N^.  A  200  ml  glass  ai'ipoule  containing  a  stirring  bar  -.vas 

loaded  with  78.1  mmol  N.H,  and  -<0  eiL  CH,CH,  stirred  and  cooled  to  -78'^C- 

Z  •*  3 
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Aftef  removal  of  air,  CF^NO  (83  nmiol)  was  bled  into  the  cooled  ampoule  during 
2.5  Hours  resulting  in  a  blue-green  so'uiion.  Tr i f 1 uoroni t rosomethane  in 
the  vapor  phase  was  ren-oved  and  Cl^  was  added  (78  mmol  during  2  hours)  to 
the  stirred  “78*^C  solution  giving  a  light  yellow  colored  liquid  phase.  The 
solution  was  el  lowed  to  warm  slowly  and  the  gas  generated  was  passed  through 
a  coarse  glass  frit.NaOH  scrubber.  In  A  hours  approximately  76  mmol  of  crude 
CFjNj  passed  the  scrubber.  Final  purification  was  effected  by  fractional 
condensation  through  traps  cooled  at  *78°,  -126*^*  -lA2°,  and  "196  C.  The 
-I96^C  fraction  was  mainly  CF^hO  while  tne  -78°C  trap  contained  traces  of 
i:iaterlal  which  -was  discarded  without  exami  .nat  i  on .  The  remaining  traps  con¬ 
tained  the  colorless  .rviiol  .  35''  yield  based  on  ^2^4  taken)  whose 

GC  Indicated  purity  v.as  Gterace  in  stainless  steel  cyiindc’S  tor 

several  weeks  at  amble ‘t  temperature  at  several  atmospheres  pressure  did  not 
result  in  any  significant  decomposition. 


Results  and  Discussion 


Synthesis  and  Properties  of  CF,Nj.  For  the  synthesis  of  CF^N^  the  procedure 
of  Makarov  and  cowo'kers^  was  fol laved.  It  invoi'-es  the  following  reactions. 


CF,N0  + 

CF^N=NNH2  +  Cl^- 


CFjN=NNH  +  H^O 
■CF^N^  ■  ,^C1 


Az i dot r i f 1 uoronethane  is  white  as  a  solid  and  colorless  as  a  liquid 
and  a  gas.  It  r-.elts  at  -152°C.  It  is  stable  at  room  temperature  and  can 
be  handled  without  noticeable  deco.mpos  i  t  i  on .  Vapor  pressures  were  measured 
over  the  range  -95  To  -A5*^C,  and  the  data  were  fitted  by  the  method  of  least 
squares  to  the  equation 

log,.,P(mni)  =  -  l’2l.7/T(°R) 

I  0 

with  an  index  of  correlation  of  0-9998.  The  ext ra-pol ated  boiling  point  is 
-28.5°C,  in  good  agreement  with  that  of  -28.5°  at  7^3  mm,  previously  reported'^. 
Measured  vapor  pressures  at  the  noted  te.mperatures  arc  [T (°C) ,P >  rm) ] ;  -55-2, 

10;  -78.6,  kO;  -6m. 6,  IO8;  32A.  The  latent  hear  of  vaporization  of 

CF^N^  is  5.531  kcal/mol  and  the  derived  Trouton  constant  is  22.9,  i  nd  i  cat  i  ■■'.g 
little  association  In  the  liquid  phase. 
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Vibrational  Spectra.  Figure  1  shows  the  infrared  spcdtruiii  of  gaseous  and  the 
Randan  spectrum  of  liquid  observed  f  I'equc/ic  ie.s  are  li.tiJ  in  "^01:10  I 

By  analogy  with  the  known  structures  of  CF^OF,'^’'^  and  CIN^,'*^ 

the  CPjNj  molecule  is  expected  to  possess  a  structure  of  syrnnietry  with  a 
planar  CN^  backbone,  an  approximately  linear  group,  a  staggered  CF. 
group,  and  r^^  (->1.25^)  being  significantly  longer  than  r^  (-1.13^) 


due  to 


Ing  ?he  r 


be  Ing 


most  important  resonance  structure. 
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Structure  I  would  be  analogous  to  that  of  CF^N^O  in  which  the  CF^  and  NO 
group  are  eclipsed.  Whether  the  CF^  is  eclipsed  or  staggered  depends  on  the 
coordination  number  of  N^  including  its  sterically  active  valence  electron 
pairs  as  ligands.  If  is  three  coordinated,  as  In  CF^NO  or  structure  I, 
the  highly  repulsive  free  valence  electron  pair  of  N^  will  avoid  the  fluorine 
ligands  of  the  CF^  group  and  therefore  cause  the  free  valence  electron  pair 
of  Nj  to  be  staggered  and  the  N=X  ligand  to  be  eclipsed  relative  to  the  CF^ 
group.  However,  if  is  four  coordinated,  as  in  II,  the  two  free  valence 
electron  pairs  On  and  the  N-X  group  should  all  be  staggered  with  respect 
to  the  uF^  group. 

Assuming  hiiidered  rotation  of  the  CF^  group,  should  exhibit  15 

fundamental  modes  of  vibration,  all  active  In  both  the  infrared  and  the  Raman 
spectra.  Of  t.^ese,  lO  belong  to  species  a'  and  can  be  either  polari7ed  or 
depolarized,  while  5  belong  to  species  a''  and  should  be  depolarized  in  the 
Raman  spectrum.  An  approximate  description  of  thase  15  fundamental  vibra¬ 
tions  is  given  in  Table  2.  Eight  of  them  involve  motions  of  the  CF^  group. 


RI/RD81-1AQ 

E-4 


-b- 


four  are  due  to  the  group  and  three  involv”  the  C-N  linkage. 


Ass  1  gnments  .  for  the  four  N  irodcs  were  n:ade  hy  conparison  with  the 

^  IfT  1/1*7  Id  ift 

known  spectra  of  the  covalent  azides  fNj'  ,  CIN.,  ’  BrN,,  IN,,  CH,N 
'5-“cD3N3,2r22  „,^,23-2  7„,^,  23-27  . he 


and  CPF^N^ 


'3*  ^3*  *^^3 ''*3* 

{ see  Table  2)  . 


Of  the  four  -N^  rodes,  two  are  due  to  stretching  motions,  one  ant  I symne t r i c 
and  one  symmetric.  Since  the  two  NN  bonds  significantly  differ  in  their 
bond  strength,  the  higher  frequency  mode  might  equally  welt  be  described  as 
mainly  a  Stretching  of  the  ^2^3  lower  one  as  mainly  a  stretching 

of  the  N.N  bond,  however,  due  to  the  linear  N,  structure,  both  modes  should 

I  i  22  ^ 

be  strongly  coupled.  Based  on  its  high  frequency  and  relative  intensity, 

the  s.retcn  is  readily  assignable  to  the  band  at  about  2 1 80  cir 

The  stretch  should  occur  in  the  frequency  range  between  1090  and  1270  cm 

and  most  I'kely  be  of  higher  Raman  Intensity  than  the  CF,  stretching  modes. 

V  _ ) 

It  Is  therefore  assigned  to  the  Raman  band  at  about  1150  cm  .  This  assignment 

agrees  well  with  those  reported  for  ClN,*^,BrN  '^and  IN,'^  for  which  this  mode 

•  I  3  3 

occurs  at  1160,  and  1176  cm  ,  respectively. 


The  in  plane  (a'')  and  out  of  plane  (a'')  N,  deformation  modes  should 
- 1  ^ 

occur  in  the  500-660  cm  range  (see  Table  2),  Two  polarized  Raman  bands 
were  observed  In  this  range  at  580  and  514  cm  *,  respectively,  and  must  be 
due  to  the  in  plane  deformation  and  the  ant  1 syi^me tr i c  a'  CF^  deformation 
imode.  Based  on  the  similarity  ol  the  frequencies  of  the  CF^  modes  in 
CF-N,  and  C  F,  NO^^  ’  ( see  Table  Z)  ,  we  prefer  to  assign  the  580  cm  '  fu-'-Ja- 

mental  to  the  a'  defonr.ation  and  the  514  cm  one  to  the  CF^  a'  deformation 
mode.  A  similar  chpice  exists  for  the  two  corresponding  a''  modes,  for  which 
two  bands  St  594  and  556  cm  '  are  available  for  assignment.  By  comparison 
with  the  related  compounds  listed  in  Table  2  and  based  on  Intensity  arguments, 
we  prefer  to  assign  5S4  cm  '  to  5N  (a'')and  556  cm  '  to  SasCF  (a'').  Spectra 

15  ^  ^ 

of  N  sub5titut>.d  OF^N^  would  be  required  to  confirm  these  assignments. 

The  assignment  of  the  three  fundamental  vib.'attons  Involving  mainly  the 
C-N  linkage  presents  no  difficulties  because  they  occur  at  frequencies  out¬ 
side  of  the  ranges  e.^pected  for  the  CF^  and  N^  r.wdes.  ^hus ,  the  C-N  stretching 
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f\*\  M  I 

mode  obviously^  must  be  assigned  to  the  strongest  Raman  band  at  859  om  , 

and  the  second  strongest  Raman  band  at  179  cm  '  rust  be  due  to  the  CNN  angle 

22  ”1 

deformation.  The  latter  mode  was  observed  at  24?  and  231  cm  for  CH^N^  and 

OjNj,  respect Ivaly*  and  the  further  mass  increase  of  the  methyl  group  In 

CF,N.  can  account  for  the  observed  additional  frequency  decrease.  The  C-N 
3  3  -1 

torsional  modes  in  CH^N.  and  CD.N,  have  frequencies  of  126  and  90  cm  , 

respectivly  Based  on  the  larger  mass  of  the  CF^  group,  this  mode  should 

show  again  a  frequency  decrease  for  CF^N^  and  should  occur  well  below  90  cm 

Due  to  its  low  frequency,  this  mode  could  not  experimentally  be  observed  in 

the  present  study. 


I: 


Assignments  for  a  CF^  group  with  hindered  rotation  symmetry)  are 

generally  difficult,  however,  several  recent  thorough  studies  of  the  vibra- 

31  32  29  30 

tional  spectra  of  CF^X  type  compounds,  such  as  CF^COX  ’  and  CF^NO, 
have  provided  valuable  information  and  permit  assignments  for  most  of 
the  CFj  modes. 


32 


the  CFj  modes  of  molecules  of 


As  previously  pointed  out  by  Redington,’ 
symmetry  can  be  related  to  those  of  molecules  of  symmetry  for  which 

the  assignments  are  well  established  Such  a  correlation  Is  shown  in  Table  3 

for  CFjN^,  CF^Nu^^’^°CF20F,^^'^^CF2C00H^^CF^CN,^CFjCCH'®  and  CF^H^^  Under 
C  symmetry  the  doubly  degenerate  e  modes  of  split  into  one  a'  and  one 

a'  component.  Although  the  degree  of  splitting  can  significantly  vary  from 
compound  to  compound,  the  average  of  the  a 'and  the  a''  frequency  is  similar 
to  that  of  the  corresponding  degenerate  e  mode,  provided  the  following 
secondary  effects  which  can  influence  the  frequencies  are  kept  in  mind: 

(i)  The  covalency,  and  thereby  the  bond  strength  and  frequency  values,  of 
the  C-F  bonds  in  CF^X  increases  with  Increasing  e lec t ronegat I v I ty  of  X,  and 

(ii)  coupling  between  certain  modes  can  result  In  large  frequency  shifts. 


A  typical  exa.Tiple  for  tl!)  is  the  sy.mmetric  CF^  deformation  mode.  In  CF^CN 


3^ 


and  CF^CCH,  this  mode  strongly  couples  with  the  stretching  modes  of  the  atoms 
located  along  the  C^^axis.  fhis  causes  their  frequencies  to  sopatare  and 
significantly  lavers  the  frequency  of C  sym  CF^  (see  Table  3)' 
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For  CFjNj,  the  following  CF,  modes  can  be  assigned  with  reasonable 

confidence,  The  three  CF,  stretching  modes  are  expected  to  occur  in  the 
“  1  ^ 

1150  -  1300  cm  region  and  therefore  are  assigned  to  the  fundamental  vibra¬ 
tions  at  about  1168,  125^  and  1284  cm  *.  Since  the  two  higher-  frequency 

-*  1 

bands  are  definitely  polarized  in  the  Raman  spectrum,  the  II68  cm  band  must 

represent  the  antisymmetric  CF^  stretch  of  species  a''.  This  assignment  Is 

in  good  agreement  with  previous  conclusions^' that  vas  r.F2(a'')  usually 

exhibits  the  lov/est  frequency  value  of  the  three  CF.  stretching  modes.  Bas>'d 

j  31,32,40 

on  its  higher  Raman  Intensity  and  a  comparison  with  similar  molecules 

the  highest  frequency  fundamental  vibrations  is  assigned  to  v  sym  CF,  (a'). 

- 1  .  .  ^ 

Based  on  analogous  arguments,  the  730  cm  fundamental  vibration  must  be 
assigned  to  the  symmetric  CF^  deformation  of  species  a'.  Adopting  the  above 
assignments  for  the  two  N,  deformation  modes,  the  an t i symme t r i c  CF  deforma- 
t i on  modes  are  ascribed  to  the  558  and  513  cm  bands  with  the  Raman  polari¬ 
zation  data  unambiguously  dtstlnqulshlng  the  a'  from  the  a''  mode.  The  CF*N 

32  31  .  ^  ^ 

assignments  also  suggest  that  in  Redington's  and  Berney's  previous 

studies  the  assignments  of  the  <S  as  CF^  (a‘)  S  as  CF^  (a' ')  might  need  to  be 

Interchanged.  Although  intensity  arguments  were  cited  against  such  an  exchange, 

.  31  32 

it  Is  supported  by  Raman  polarization  date  ’ 

The  two  modes  which  in  nx^st  studies  could  be  assigned  only  with  difficul¬ 
ties  arc  the  a'  and  a' '  CF,  rockina  modes.  As  can  be  seen  from  Table  3.  the 

3  ■■  -1 

corresponding  degenerate  e  mode  of  symmetry  occurs  at  about  460  cm 

Therefore,  the  polarized  Raman  band,  generallv  observed  for  CF  X  compounds 

-1  ^ 

of  symmetry  in  the  range  400-430  cm  ,  should  represent  the  a'  CF^ 

rocking  mode.  Since  the  a*'  CF,  rocking  mode  must  be  depolarized  In  the 

_ )  3 

Raman  spectrum,  the  179  cm  fundamental  vibration  of  ^^^3^3  cannot  be 

assigned  to  this  mode.  The  only  vibration  left  for  a  possible  assignment 

to  the  a''  CFj  rocking  mode  is  the  weak  infrared  band  at  450  cm  ,  unless  a 

coincidence  of  the  symmetric  anj  of  the  antisymmetric  CF  rocking  mode  is 

-  *  ^  “1 
assumed  at  403  cm  ',  which  would  leave  no  plausible  assignment  for  the  450  cn 

band. 

A  normal  coordinate  analysis  .vas  .not  carried  out  because  of  the  grossly 
underdetermined  nature  of  the  problej'i  and  the  strong  coupling  experienced  by 
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US  and  others^^’^^  for  CF^X  type  species.  Since  the  force  constants  and  the 
resulting  potential  energy  distributions  can  be  varied  over  a  wide  rnnge  v/ith 
exact  reproduction  of  the  observed  frequencies,  PED  based  conclusions  concern¬ 
ing  the  identities  of  certain  fundamental  vibrations  should  be  treated  with  the 
necessary  scepticism. 


Numerous  overtones  and  combination  bands  were  observed  In  the  infrared 
spectrum  at  higher  sample  pressures.  Almost  all  of  them  could  be  readily 
assigned  (see  Tabel  I)  and  confirm  the  proposed  assignments.  The  only  detecta- 
bie  impurities  were  possibly  traces  of  and  CF^Nq. 

19  o 

19  F  MMR  Spectrum.  The  F  NMR  spectrum  of  CF^N^  was  recorded  at  ?7  C  In 

CFClj  solution.  It  consisted  of  a  sharp  singlet  at  “57.6  ppm,  upfield  from, 

internal  CFClj,  characteristic  for  a  CF^  group  with  all  three  fluorines  being 

equivalent  On  a  NMR  time  scale.  This  is  not  surprising  In  view  of  the  rela- 

19  29  37 

tively  low  barrier  to  internal  rotation,  expected  ’  ’  fcr  a  molecule, 

such  as  CFjNj. 

Mass  Spectrum.  The  mass  spectrum  of  Is  listed  In  Table  It  shews  a 

strong  parent  Ion  at  m/e  =  ill  and  a  strong  Nt  fragment,  typical  for  covalent 
azides.  As  expected,  the  base  peak  Is  due  to  CF^,  but  surprisingly,  the 

CF  peak  at  m/e  =  83  was  extremely  weak(less  than  1^).  In  contrast  to 

>  +. 
organic  azides  which  generally  show  RN  as  base  peak.  However,  the  high 

intensity  of  the  and  CF^N  peaks  indicate  that  in  ^^F^N^  elimination  is 

also  important,  but  that  CF  N  readily  loses  a  fluorine  to  form  the  relatively 

4l  ■’ 

s table  CF^N  rad i cal . 

UV  -  Spectrum.  The  uv  absorption  spect'um  of  gaseous  shown  In  Figure  2. 

The  spectrum  shows  two  strong  absorptions  at  200  and  258  nm,  which  by  analogy 

42 

to  previous  assignments  for  similar  covaient  azides  might  be  assigned  to 

the  sp  '•"V'  and  Hy  -*■  rix^  transitions  of  the  azido  group,  respectively.  The 
^42 

previous  suggestions,  that  the  e-ergy  difference  between  these  two  electronic 
transitions  in  a  given  XN^  molecule  Is  both  a  measure  for  the  polarity  of  the 
X-N  bond  and  an  indication  for  a  negatively  polarized  chlorine  in  CIN^,  appear 
questionable.  If  these  suggestions  were  correct,  the  replacement  of  the  three 
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hydrogens  In  CH^N^  by  three  fluorines  should  result  in  a  closer  natch  of  the 
electronegativities  of  the  methyl  and  the  azido  group  and  hence  an  Increased 
covalency  and  a  larger  energy  difference  between  the  two  electronic  transi* 
tions.  However,  this  is  clearly  not  the  case.  The  previously  postulated 

4*  h 

Cl“Nj  polarization  is  also  Incompatible  with  the  well  established  reaction 

chemistry  of  CIN,  which  clearly  demonstrates  the  e lect ro'pos 1 t i ve  character  of 
chlorine  in  this  compound.  The  principle  argument  previously  presented  ^or 
the  Cl-Nj  polarization  in  ClN^  was  the  relatively  high  frequency  of  the  N-Hai 
stretching  modes  in  CIN^  and  BrN^  It  was  suggested  that  these  high  frequencies 
are  due  to  partial  N^X  double  boridlng,  and  that  this  partial  double  bond  charac¬ 
ter  can  only  be  explained  by  the  followinc  resonance  structure  invoking  a  formal 

~  I 

negative  charge  on  the  halogen  atom  I X“N  Obviously,  the  oossibility  of 

©  ^  -nC  9 

the  more  likely  resonance  structure  CX=N^^  which  results  also  In  an  X“N 
double  bond  but  with  a  positively  polarized  halogen  was  overlooked, 

Sunwary ■  Az idotrl f luoromethane  is  a  relatively  stable  compound  and  some  of  its 
physical  properties  were  determined.  The  spectroscopic  data  show  that 
contains  a  covalent  azldo  group,  similar  to  those  of  other  covalent  azides  of 
known  structure,  sucH  as  CH^N^  or  CIN^.  Whether  the  azido  group  is  linear, 
as  in  CHjNj  or  HN^,  or  slightly  bent,  as  in  CIN^,  is  difficult  to  say  on  the 
basis  of  the  available  data. 
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(i)  Uncorreci«d  R«ndn  Intensititt  representing  relative  peak  height. 
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Diaavam  Captions 


Figure  1 ,  Vibrational  Spectra  of  CF^N^. 
of  the  gr.s  recorded  in  a  S  cn  pathlcngth 
pressures  of  8  and  255  mai,  respectively, 
an  asterisk  are  believed  to  be  due  to  an 
Traces  C,  D,  and  E,  Raman  spectra  of  the 
two  different  sens  it  i  vitie.s  and  with  the 
perpendicular. 


Traces  A  and  B,  infr.arod  spertr-i 
cell  ccp.iippcd  with  Csl  windows  at 
Ttie  bands  marked  by  a  diamond  and 
impurity  and  CF^NO,  respectively, 
liquid,  recorded  at  -100°C  at 
incident  polarisation  parallel  and 


Figure  2.  uv  -  absorption  .spectrum  of  gaseous  CF 
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ABSTRACT 


Fluorination  of  ai ! dot r i f 1 uoromethane  furnishes  d i f 1 uorami no  trlfluoro- 
methane  In  a  direct,  reproducible,  and  high  yield  reaction.  A  maxirum  rate 
of  conversion  with  minimum  degradation  was  obtained  at  70“8O°.  Enhancement 
of  the  rate  of  reaction  was  reall2ed  with  added  KF  as  a  catalyst. 


INTRODUCTION 


Numerous  methods  have  been  reported  '  ■'for  the  synthesis  of  dlfluoro- 
amino  tr I f luoromethane ,  CF^NF^,  Including  fluorination  of  amines,  nitriles, 


metal  cyanides,  and  metal  thlocyan I des .  Fluorinatlng  agents  employed  are 
NF3,  N^F^,  transition  metal  fluorides,  and  fluorine.  Nearly  all  these 


processes  suffer  from  low  yields  of  the  desired  CF^NF^,  poor  reproducibi¬ 


lity,  and/or  the  presence  of  difficultly  separable  by-products.  For  exam, pie 
r.any  of  the  methods  produce  coproduct  C^F^  whose  b.p.  is  the  same  as  that 


of  CF  NF  and  tuus  it  is  very  tedious  to  effect  their  separation.  Ruff  has 

J  ^ 


reported  [3]  an  excellent  yield  of  reaction  shown. 


K5CN  +  6F, 


-78' 


KF  +  SF,  4-  CF,NF, 

6  32 


However,  half  of  the  fluorine  consumed  goes  to  by-products  and  Lne  small 

difference  in  the  b.p.'s  of  SF,  and  CF,NF_,  1A°,  reqi i res  chromatographic 

b  i  £ 

purification  techniques. 


It  has  now  been  discovered  that  a  direct,  reproducible,  high  yield 
synthesis  of  CF^NF^  is  possible  according  to: 
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CFjNj  *  Fj  *  CFjXF,  »  Hj 

Minima)  side  reactions  were  encountered. 

EXPERIMENTAL 

Volatile  materials  were  manipulated  In  s  stainless-steel  vacuum  line 
equipped  with  Teflon  FEP  U  traps  anr'  316  stainless-steel  bellows  seal  valves 
ano  a  Helse  Bourdon-Tube  type  gauge.  Gas  chromatographic  data  were  obtained 
using  a  Varian  GC  under  isothermal  conditioris  with  a  s tai n less- s tee  1  column 
(1/8"  X  10')  packed  with  Poropak  PS.  Tluorlne  (Air  Products)  was  scrubbed 
with  N.jP  Ir.medlately  before  it  was  used.  Tr !  f  1  uoromethy  I  azide  -.as  prepared 
by  a  previously  described  procedure 

Synthesis  of  CF,NF^.  A  30  ml  stainless-steel  Hoke  cylinder  was  loaded  with 
CPjN^  (1,68  fwcl)  and  (6.70  mmol)  at  -196°C.  The  Cooling  bath  was  removed 
and  as  soon  as  the  cylinder  was  free  of  frost,  It  was  placed  In  an  oven  pre¬ 
heated  to  70°C.  After  2k  hours  the  reactor  was  cooled  to  -196^  and  all  volatile 
material,  consisting  mainly  of  the  excess  f2  by-product  N^.was  pumped  away. 
The  condensable  material  (1.69  mmol)  was  shown  by  Infrared  spectroscopy  and 
GC  analysis  at  65°C  to  be  51^j  unreacted  CP^N^  and  kB%  CF^NF^  with  a  trace  of 
CF^.  When  fluorinated  for  an  additional  2k  hour  period  at  70®C,  the  yield 
of  CF^NF^  was  8k%  and  about  15^  ^^3^3  still  recovered.  Further  fluorlna- 
t  i  on  con5ur.ed  the  azide  and  produced  CF^NF^  (32%),  CF^  (6i)  and  G^F^  (1-2^), 

A  similar  70°C  fiuorination  reaction  in  which  the  reactor  contained  l8  mmol 
of  anhydrous  KF  powder,  gave  a  68%  yield  of  CF^NF^  after  1  day.  After  2  days 
this  yield  had  Increased  to  73%  and  was  accompanied  by  a  b.k%  yield  of  the 
degradation  product  CF^. 

RESULTS  AND  DISCUSSION 

Az I  dot r 1 f 1 uoromethane  and  d i f luoroami no  tri f 1 uorome thane  are  potentially 
hazardous  and  should  be  handled  with  caution.  The  existence  of  CF^N^  has 
been  kncrwn  for  some  time  [A],  but  its  chemistry  rem.ained  unexplored.  In 
covalent  azides,  X-N-N-N,  the  N-N  bond  adjacent  to  the  X  group  is  longer  and 
weaker  than  the  other  N-N  bond  [6],  In  a  fiuorination  reaction  this  is  a 
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The  maximum  yield  of  observed  in  both  Catalyzed  and  uncatalyzed  reactions 

for  1  day  was  about  70|.  After  slightly  longer  reaction  times  yields  are  In 

the  30-3S%  range.  In  addition  to  the  by-products  and  which  are  easily 

separated,  there  was  also  some  C_F,  formed  {>.\%)  when  all  the  CF,N*  had  reacted. 

Z  6  i  i 

Although  not  a  very  fast  reaction,  this  synthesis  has  the  advantages  of  high- 
yield,  easy  product  purification,  and  reproducibility. 
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Abstract 


Mixtures  of  cis-  and  trans*  CsIF^O^  were  prepared  by  the  interaction 
of  CslOj^  with  either  anhydrous  HP,  BrF^  ,  CIF^,  C 1  F_  or  F^ .  The  vibrational 
spectra  of  these  mixtures  were  recorded  and  partial  assignments  are  given  for 
cis-  anc  trans-  I f j^02  .  The  assignment  for  trans-  IF^O^  were  supported  by 
a  normal  coordinate  analysis.  The  CsIF^O^  salt  dissolves  in  CH^CN  with  the 
formation  of  I F^02” an  I ons ,  but  undergoes  solvolysis  in  anhydrous  HF  with 
formation  of  HhlF^O.  An  Improved  synthesis  of  HOIF^O  from  CslF^02  and 
BiFg  in  anhydrous  HF  is  reported,  and  its  Raman  and  '^F  NMR  spectra  were 
recorded.  The  interaction  of  CsIFi^O^  with  NF^^SbF^  In  anhydrous  HF  results 
in  solutions  containing  ,  and  HOIF^O.  On  standing  or  when  pumped 

to  dryness,  these  mixtures  decompose  to  yield  NF^  and  the  new  compound 
FO I F^O  in  high  yield.  The  latter  com, pound,  the  first  known  example  of  an 
iodine  hypof i uorl te ,  was  thoroughly  characterized  and  shown  by  vibrational 
and  NMR  spectroscopy  to  be  a  mixture  of  the  els*  and  the  t rans- i some r .  For 
comparison,  the  vibrational  spectra  of  * ^^0  have  also  been  recorded.  The 
reaction  of  CsIF^O^  with  CIOSO2F  was  shewn  to  yield  the  novel  compound 
ClOIF^O.  The  fluorlnation  reactions  of  CsiO^^,  CsIF^O,,  1  and  HCIF^O 
with  elementary  fluorine  were  also  studied. 


I nt  roduct i on 


The  number  of  elements  known  to  '^or,T.  stable  hy  pof  1  uor  i  tes  is  very  limited. 

Thus  stable  hy pof 1 uor i tes  are  known  only  for  ca'bo"’,  nitrogen,  suifur,  selenium, 

fluorine. and  chlorine  containing  compounds.  In  aedition,  the  unstable  hypo- 

2 

fluorous  acid,  HOF,  has  been  prepared  Since  ■'ecent  work  in  our  laboratory 
had  shown  that  the  ‘hermal  decomposition  of  certain  NF^  salts  of  oxyanions, 
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Such  as  NFj^CIO^  and  NF^SO^F  ,  produces  the  corresponding  hypof  1  uori  tes  in 
high  yield,  It  was  interesting  to  apply  this  n'.ethod  to  the  synthesis  of  novel 
hypof  1  uor  i  tes  .  Prel  Imina*"'/  results^  showed  that  FOIF^O,  the  first  known 
exanple  of  an  Iodine  hypof luori te,  can  be  prepared  In  this  manner.  In  this 
paper,  detailed  information  is  given  on  the  synthesis,  properties  and 
reaction  chemistry  of  this  Interesting  compound  and  of  related  iodine  oxyfluor 
ide  derivatives,  such  as  ClOIFj^O,  HOIF^O  and  the  '  Fj^02  anion. 

The  literature  on  the  synthesis  and  properties  of  salts  containing 

the  IFpU  anion  is  scant-  The  first  report  on  the  existence  of  IF.O, 

4  2  ^  k  1 

salts  was  published  in  1971  by  Engelbrecht  and  coworkers,  but  was  limited 
to  a  one  sentence  statement  that  H0IF|^0  interacts  with  either  alkali  metal 
fluorides  or  tri f luoroacetates  to  yield  the  corresponding  salts.  In  a 
subsequent  paper, ^  this  stdtoment  was  repeated,  but  again  no  data  we.e  given. 

g 

In  1975,Aubke  and  coworkers  reported  that  CsF  combines  with  an  excess  of 
I FjO^  to  give  Cs  I F^02  •  A  melting  point,  elerrenta!  analysts  and  incomplete 
vibrational  spectra  were  given  which  were  incorrectly  interpreted  In  terms 
of  a  c i S' 1 somer .  In  1976.  Sellg  and  Elgad  reported  ^  that  partial  hydro' 
lysis  of  I F.^  produces  IF^O,  HOIF^O,  and,  with  increased  water  addition,  the 
1 F^O,  anion  which  was  identified  by  '^F  NMR  and  vibrational  spectroscopy  as 
the  cis  isomer.  Although  Sellg  and  Elgad  reported  only  solution  data,  their 
vibrational  spectra  strongly  disagreed  with  those  reported  by  Aubke  for  solid 
Cs  IF^O^.  In  1977,  Gillespie  and  Krasznai  published  that  solutions  of 
KIO^  in  1 F^  contain  a  mixture  of  lO^F,  lOF^  and  cis  and  trans  On 

cooling  solutions  of  dissolved  in  boiling  they  isolated  a  KIF^O^-ZIF 

adduct  which  can  be  converted  into  KIF.O...  Both  compounds  were  shown  by 

19  ^ 

F  N.hR  and  Raman  spectroscopy  to  contain  in  the  solid  state  and  in  CH^CN 


solution  t  rans  I  F, 0^  . 

k  2 


In  1 F^  solution,  however, 


was  shown  to  exist 


in  a  cis-trans  equilibrium,  with  the  cis  isomer  being  favored. 


The  te t raf 1 uoroor thoper i od i c  acid,  riOIF.O,  was  first  prepared  by 

1  1  ** 

Engelbrecht  and  coworkers  according  to 

8a  10^)2  +  IAhsCjF-*  2HC!Fj^0  +  8H2S0j^  +3Ba;S0^F)2 

Since  HOIFj^O  could  not  be  separated  from.  HSO^F  by  distillation,  it  was 
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converted  into  the  more  volatile 

HOI  F^O  +  SOj-*  IFjOj  +  HSO^F 

which  was  distilled  off  and  then  reconverted  to  HOIF^O  by  HF  addition  according  to 

I  Fj02  +  HF-^  HOI  F^O 

The  acid  was  characterized  by  its  physfcal  constants  and  mass  and 

NHR  spectra  which  showed  the  compound  to  be  a  mixture  of  the  els  and  the 

trans  Isorier,  with  the  cis  isomer  being  more  abundant.  Sellg  and  Elgad 

found  that  solutions  of  NalO,  in  anhydrous  HF  contain  HOIF.O,  as  well  as 

^  1 9 

other  unidentified  fluorine  species,  and  reported  the  F  NMR  spectra  of 

both  isomers  in  HF  solution.  Gillespie  and  Krasznai also  listed  chemical 

shifts  for  cis  and  trans  HOIF^O,  but  did  not  specify  the  solvent,  and  gave  a 

coupling  constant  of  21  Hz  for  the  cis  isomer,  which  disagrees  with  the  values 

6  9  11 

of  about  220  Hz  reported  by  others 

Experimental 

Caution:  Two  explosions  were  encountered  In  reactions  involving  FOIFj.O. 

r  I  *4 

Most  hypof luori tes  are  shock  sensitive  materials  and  appropriate  precautions 
should  therefore  be  taken  when  working  with  larger  amounts  of  FOIF^O. 

Materials.  Literature  methods  were  used  for  the  syntheses  of  NF,^SbF^,'^  I  F^o'^’ 

—  *4  b  b 

and  ClOSO^F  .  The  CslOj^  was  prepared  by  slowly  combining  with  stirring, 
stoichiometric  amounts  of  concentrated  aqueous  solutions  of  CsCl  and  NalO^. 

The  mixture  was  cooled  to  o’^C ,  and  the  CslO^  precipitate  was  filtered  off, 

washed  three  times  with  ice  water  and  dried  for  16  hours  in  an  oven  at  110  C. 

Its  vibrational  spectra  showed  no  detectable  impurities.  Bismuth  penta- 
fluoride  (Ozark  Mahoning  Co.)  was  used  as  received.  The  V'Hatheson)  was 

treated  with  35  atm  of  F„  at  200°C  for  2^4  hours  and  then  purified  by  frac¬ 

tional  condensation  through  traps  kept  at  -614°  and  -95°C,with  the  material 
retained  in  the  latter  being  used.  Hydrogen  fluoride  (Matheson)  was  dried 
by  treatment  with  20  atm  of  F  at  room  temperature,  followed  by  storage  over 

BiF  to  remove  the  last  traces  of  H  0  .  The  CIF  (Matheson)  and  CIF  (Rocketdyne) 
b  I  i  J 

were  purified  by  fractional  condensation  prior  to  their  use. 
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Apparatus .  Volatile  rr,aterlals  used  in  this  work  were  handled  either  In  a 
Monel“Teflon  FEP,  a  stainless  sted-Teflon  FEP  or  a  Teflon  PFA  vacuum  line. 

The  latter  was  constructed  exclusively  from  injection  molded  PFA  fittings 
and  valves  (Fluoravarc,  Inc.).  The  anhydrous  HF  was  preferentially  handled 
in  the  PFA  or  Monel  line,  whereas  the  halogen  fluorides  were  handled  mainly 
in  a  steel  line.  All  lines  were  well  passivated  with  ClF^  and,  if  HF  was  to 
be  used,  with  HF.  Nonvolatile  materials  were  handled  in  the  dry  nitrogen 
atmosphere  of  a  glove  box.  Metathetical  reactions  were  carried  out  in  HF 
solution  using  an  apparatus  consisting  of  two  FEP  U-traps  interconnected 
through  a  coupling  containing  a  porous  Teflon  filter  (see  Figure  1  of  ref.  17). 
For  NMR  or  low  temperature  vibrational  spectra,  the  second  FEP  U-trap,  which 
served  as  a  receiver,  was  replaced  by  either  a  4  mm  Teflon  FEP  or  thin-walled 
Kel-F  tube. 

Infrared  spectra  were  recorded  in  the  range  4000-2O0cm  *  on  a  Perkin* 
Eln»er  Model  283  spectrophotometer.  Room  temperature  spectra  of  solids  were 
obtained  using  dry  powders  pressed  between  AgCl  disks.  Spectra  of  gases 
were  obtained  using  a  Teflon  cell  of  5  cm  pathlength  equipped  with  AgCl 
windows.  The  spectra  of  matrix-isolated  F0lF|^0  and  I  F^O  were  obtained  at 
with  an  Air  Products  Model  DE202S  helium  refrigerator  equipped  with  Csl 
windows.  Research  grade  Ne  (Matheson)  was  used  as  c  matrix  material  in  a 
mole  ratio  of  1000:1.  The  spectrometer  was  calibrated  by  comparison  with 
Standard  gas  calibration  points'^*'^,  and  the  reported  frequencies  a''e 
believed  to  be  accurate  to  -  2  cm 

The  Raman  spectra  were  recorded  on  a  Cary  Model  83  spectrophotometer 
using  the  4880-8  exciting  line  and  a  Claassen  filter  for  the  elimination 
of  plasma  lines.  Sealed  quartz,  Teflon  FEP  or  Ke1-F  Tubes  were  used  as 
sample  containers  in  the  transverse-viewing,  transverse-excitation  technique. 
Polarization  measurements  were  carried  out  according  to  method  VIII  listed 
by  Claassen  et  al.^^  Lines  due  to  the  Teflon  or  Kel-F  sample  tubes  were 
suppressed  by  the  use  of  a  metal  mask. 
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The  NMR  spectra  were  recorded  at  84.6  MHz  on  a  Varian  Model  EH  390 
spectrometer  equipped  with  a  variable  temperature  probe.  Chemical  shifts  were 
determined  relative  to  external  CFCl^  with  positive  shifts  being  downfield 
f  rom  C  FC 1 2 . ^ ' 

The  (T13SS  spectra  were  recorded  with  an  £A1  Quad  300  quadrupole  spectro 
rneter  at  an  ionization  potential  of  70  eV. 

Preparation  of  CslF,0^.  In  a  typical  experiment,  CSlO^  (31.44  mmol)  was 
placed  in  a  3/4  inch  o.d.  Teflon  FEP  ampule  equipped  with  a  stainless  steel 
valve.  Anhydrous  HF  (20  mL  liquid)  was  condensed  into  the  ampule  and  the 
mixture  was  stirred  with  a  magnetic  stirring  bar  for  4  days  at  ambient  temper¬ 
ature.  Volatile  products  were  pumped  off  overnight  at  ambient  temperature 
and  for  2  additional  hours  at  50°C.  The  solid  residue  (11.402  g,  weight 
calculated  for  31*44  mmol  of  CsIF^O^  11.564  g)  was  shown  by  Raman  spectro¬ 
scopy  to  still  contain  some  unreacted  CslO^.  It  was  treated  again,  as  described 
above,  with  fresh  anhydrous  HF  (15  ml  liquid).  After  pumping  to  dryness,  the 
Raman  spectrum  of  the  solid  residue  (1  1.532  g)  5hoy;ed  cis-  and  trans  -  CslFj^02 
as  the  principal  products  and  only  a  trace  of  unreacted  CslO^. 

A  total  of  eight  preparations  were  carried  out  in  a  similar  manner, 
using  shorter  reaction  times,  slightly  higher  reaction  temperatures  (*-50  C)  , 
and  rapid  HF  removal  at  elevated  temperature.  The  conversion  of  CslO^ 
to  CsIFj^O^  after  the  first  HF  treatment  was  generally  in  the  range  of  75*90?, 
and  the  Raman  spectra  showed  the  presence  of  some  unreacted  CslOj^.  This 
unreacted  CslO^  was  readily  converted  to  CsIF^O^  by  repeated  treatment  with 
anhydrous  HF,  however  in  most  cases,  repeated  HF  treatments  resulted  in  a 
slight  weight  decrease  and  the  appearance  of  bands  due  to  HF^  (infrared; 

1435  cm*',  s,  br;  1228  cm  '  ms.  Raman:  complex  band  at  790-740  cm  with 
maximum  at  759  cm'').  This  Is  caused  by  the  solvolysis  of  CsIF^O^  in  anhydrous 
HF  and  the  volatility  of  the  resulting  HOIFj^O  (see  below).  The  ratio  between 
the  cis-  and  the  trans-  isomer  of  CslFj^O^  varied  somewhat  for  the  different 
preparations,  with  the  trans  isomer  being  slightly  favored  at  the  lower  and 
the  cis  isomer  being  somewhat  favored  at  the  higher  reaction  temperatures- 
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T'r.e  Cs  IO)^*BrF^  System.  Cesium  periodate  (2.453  mmol)  was  placed  in  a 

passivated  sapphire  reactor  equipped  with  a  stainless  steel  valve  and  a 

magnetic  stirring  bar.  Bromine  pentaf 1 uorl de  (14.95  mmol)  was  added  at  -1S6*^C, 

and  the  mixture  was  allowed  to  react  during  warm  up  to  room  temperature.  A 

fast  reaction  with  gas  evolution  occurred  which  was  moderated  by  Intermittent 

cooling  with  liquid  N».  After  completion  of  the  warm  up  cycles,  the  mixture 
0  ^ 

was  stirred  at  20  C  for  24  hours,  resulting  in  a  clear,  pale  yellow  solution. 
The  Raman  spectrum  of  this  solution  showed  the  presence  of  3rF^,  BrFjC,  and 
of  i  ^(^^2  (mainly  trans  with  a  small  amount  of  cis-isomer).  The  solution  was 
Kept  at  22  C  ^or  4  days,  then  cooled  to  -196°C.  The  materials,  volatile  at 
-156^0,  consisted  of  1.92  mmol  of  oxygen.  The  materials  volatile  at  Zl'^C 
were  separated  by  fractional  condensation  and  Identified  by  Raman  spectroscopy. 
They  consisted  of  unreacted  BrF^  (9.9  mmol)  and  a  mixture  of  BrF^  and  BrF^O 
(found  682  .mg,  calcd.  for  3-84  mmol  BrP^  +  1.06  mmol  BrF^O  *  688  mg).  The 
solid  residue  (8o4  mq,  weight  calcd  for  2.453  mmol  of  CsIFj^O^  =  787  mg)  was 
shown  by  Raman  spectroscopy  to  consist  mainly  of  trans  C5lF^02.  CsBrF^  and 

smaller  amounts  of  cis  CsIF.O.,  and  possibly  some  solvated  erF,0.  Vacuum 

0  ^  ■' 
pyrolysis  at  90  C  resulted  In  a  solid  residue  consisting  again  of  trans 

CsIF^O^,  CsBrF^  and  a  smalt  amount  of  els  CslF^02  and  In  the  evolution  of 

some  I Fj  (~8  weight  %)  . 

The  CslO,^-C1F,  System.  A  well  passivated  (with  C 1  F^)  sapphire  tube 
equipped  wiht  a  stainless  steel  valve  and  containing  a  Teflon  coated  stirring 
bar  was  loaded  with  CslO^^  (1.14  mmol ), fol lowed  by  OlF^  (10.6  mmol).  The 
liquid  CIF^  and  solid  periodate  were  stirred  magnetically  overnight  at  0*20°C. 
This  resulted  in  a  clear,  very  pale  yellow  solution.  Upon  removal  of  the 
volatile  material  and  pumping  for  several  hours  at  ambient  temperature,  a 
white  powder  (0.493  g)  remained  in  the  tube  which  was  identified  by  vibra- 
tional  spectroscopy  as  a  mixture  of  CsF'BIF^  and  CsClF^^  (weight  calculated 
for  the  conversion  of  1.14  r.mol  of  CslO^  to  0-38  mmol  CsF'BlFj.  and  0.76  mmol 
CsClF^  was  0.4g7  g) .  The  volatile  materials  consisted  of  CIF,  FCIO21  and 
unreacted  CIF^. 
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The  CslO|^~C1F^  System.  When  CslO^^  was  allowed  to  interact  with  a  large 
excess  of  CIF^  In  a  stainless  steel  reactor  at  room  temperature,  the  composi¬ 
tion  of  the  solid  reaction  product  depended  on  the  reaction  time.  After 
short  reaction  times  (about  several  hours)  the  solid  consisted,  based  on  Its 
weight  change  and  Raman  spectra,  mainly  of  unreacted  CslO|^  and  smaller  amounts 
of  trans  CsIF^O^.  After  longer  reaction  times  (In  excess  of  1  month),  the 
solid  consisted  mainly  of  CslFg  and  trans  CslF^02  and  some  CsIF^O. 

The  CslOi^-F^  System.  The  fluorinatlon  of  CsIC^^  with  elemental  fluorine  in  a 
static  system  at  temperatures  up  to  60°C  resulted  in  a  solid  product  which, 
based  on  its  vibrational  spectra,  was  a  mixture  of  mainly  CsiFg,  CsIFg,  and 
CslO|^  containing  smaller  amounts  of  CsIFj^O  and  els  and  trans  CslF^O^. 

Synthes  is  of  HO  I  F|^0 .  In  a  typical  experiment,  C5lF^02  (2.0  mmol)  and  BlF^ 

(2.0  mmol)  were  placed  In  a  passivated  Teflon  FEP  U*trap  containing  a  magnetic 
stirring  bar.  One  arm  of  the  trap  was  closed  off  by  the  stainless  cteel  valve, 
while  the  other  one  was  connected  through  a  porous  Teflon  filter  to  a  :.ccond 
Teflon  U'trap  which  was  capped  off  by  another  valve.  Anhydrous  HF  (5mL  liquid) 
was  condensed  into  the  U-trap,  and  the  CslF^02,  BIF^,  HF  mixture  was  stirred 
at  25°C  for  1  hour.  The  double  U-trap  assembly  was  cooled  to  -78*^C,  inverted 
and  the  HOIFj^O  containing  HF  solution  was  separated  from  the  CsBiF,  preci¬ 
pitate  by  pressure  filtration.  The  HF  solvent  was  pumped  off  at  -hS  and  'i3°C. 
The  residue  was  allowed  to  warm  to  ambient  temperature  and  the  material  vola¬ 
tile  at  25°C  was  collected  at  -78°C  i n  a  A  mm  o.d.  external  Teflon  U-trap. 

This  trap  was  shown  to  contain  HOIF.O  (~2  .mmol)  which  was  identified  by  its 

j  Q  ** 

Raman  and  ^F  NMR  spectra.  The  filter  cake  (0.9  g)  was  identified  by  its 
Raman  spectrum  as  CsBiFg. 

Synthes  i  s  of  FQI  F|^0.  In  a  typical  experiment,  C5lFj^02  (5.0  mmol)  and  NFj^SbF^ 
(5.0  mmol)  were  placed  in  the  Teflon-'’EP  metathesis  apparatus  (see  above)  and 
anhydrous  HF  (5  mL  liquid)  was  condensed  in  at  -76°C.  The  m.ixture  was  stirred 
for  1  hour  at  room  temperature.  The  apparatus  was  cooled  to  -7S°C,  inverted 
and  the  white  precipitate  was  separated  from  the  solution  by  pressure  filtra¬ 
tion.  Most  of  the  HF  solvent  was  pumped  off  over  several  hours  at  tempera¬ 
tures  ranging  from  -6A  to  -30°C.  The  resulting  white  solid  residue  was  Mowed 
to  decompose  during  slow  warm-up  from  -30°C  to  ambient.  The  volatile  pr  Jucts 
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were  passed  through  a  TeHon  'J-trap  containing  passivated  NaF  pellets,  follov;ed 
by  a  series  of  cold  traps  kept  at  ‘78,  “95,  *112  and  “210*^C,  The  -78°C  trap 
contained  a  small  amount  of  unidentified  material  which  was  discarded,  the 
"9S°C  fraction  consisted  of  pure  FOIF^O  (2.36  mmol),  the  -112®C  trap  had 
1,69  m.Tiol  of  FOIF^O  containing  a  small  amount  of  I  F^O  as  impurity,  and  the 
contents  of  the  -210®C  trap  consisted  of  NF^  (A.O  mmol).  A  small  amount  of 
white  solid  residue,  which  was  left  behind  after  the  thermal  decomposition 


of  the  filtrate,  was  shown  by  vibrational  spectroscopy  to  consist  mainly  of 

trans-  CslF^O^-  The  filter  cake  (1.8  g)  was  identified  by  Raman  spectroscopy 

as  CsSbF/.  The  fraction  was  used  for  the  characterization  of  FOIF.O 

^  IQ  ^ 

and  was  shown  by  vibrat.onal  and  NMR  analysis  to  be  free  of  IF^O. 


For  the  elemental  analysis,  278.7  mg  of  the  material  was  condensed  at 
■196°C  into  an  ampule  containing  12  ml  of  frozen  IN  NaOH.  The  mixture  was 
warmed  to  ambient  temperature  for  12  hours  and  then  analyzed  for  total  iodine 
by  energy  dispersive  X-ray  fluorescence  spectrometry,  for  10^  by  iodometrlc 
titration,  for  base  consumption  by  back  titration  with  O.lN  HCl  using  a 
pH  electrode  and  for  fluoride  by  titration  using  La(N0j)2  and  an  Orion 
specific  ion  electrode.  Anal.  Calcd  for  FOIF^O:  I,  ^9.98;  F,  37.^2;  OH 
consumed,  6.0  equiv/mol;  iodometric  titration,  8.0  equiv/mol,  assuming  the 
following  hydrolysis  reaction;  FO I  F^^O  6  OH  -+10^  *  5F  -t-0. 502(g)  3H2C. 

Found;  I,  50.0;  F,  36.0;  OH  consumed,  6.1  equlv/.mol;  iodometric  titration, 
7.3  equiv/mol. 


Synthesis  of  C 1 0 1 F^O .  A  30  ml  stainless  steel  cylinder  was  loaded  with  2.32 
mmol  C5lF^02,  and  2.12  mmol  ClSO^F  was  added  at  -196°C.  After  keeping  the 
cylinder  for  5  days  at  -78°C,  the  volatile  products  were  removed  from  the 
cylinder.  The  solid  residue  was  identified  by  vibrational  spectroscopy  as 
CsSO^F.  The  volatiles  were  fractionated  through  traps  cooled  to  'A5,  -78, 
and  -1S6°C.  The  lowest  temperature  fraction  (0.77  mmol)  was  mainly  CI2 
together  with  som.e  FCIO2,  while  the  -A5°C  trap  contained  a  white  solid  vjh  i  ch 
melted  above  and  which  was  identified  by  its  infrared  spectra  as  IF^. 

The  -78°C  trap  contained  a  yellow-orange  solid,  which  or  slight  warming 

I 

> 
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melted  to  an  orange  liquid.  Its  gas  phase  infrared  spectrum  was  recorded  at 
25°C  and  showed  the  following  bands  (cm  rel.  intens.,  assignment);  912  m, 

1*0  stretch;  763  mw,  0-Cl  stretch;  678  vs,  63S  s,  532  mw  IF  and  l■‘0  stretching. 
The  compound  was  found  to  be  thermally  unstable  and  very  difficult  to  handle. 

It  readily  decomposed  to  l F^  and  its  synthesis  required  careful  temperature 
control.  When  the  synthesis  was  carried  out  for  example  at  “45°C,  only 
decomposition  products  were  obtained.  Attempts  to  Isolate  fluorocarbon 
derivatives  of  ClOlfj^O  by  adding  it  across  the  C“C  double  bond  of  C^F^ 
resulted  at  -73°C  in  no  reaction  and  at  room  temperature  in  the  oxygenation, 
fluorination  and  ce compos  I t ion  products  COF^,  CF^COF,  CICF^COF,  C^F^Cl,  and 
IF... 


Results  and  Discussion 

9 

Synthesis  of  CslO^F^^.  In  our  work  the  known  equilibrium 
\0^'  +  kHF  *  I  F^^O^'  +  2H2O 

was  utilized  for  a  convenient  synthesis  of  CsIF.O^-  To  shift  this 

equilibrium  to  the  right,  a  large  excess  of  HF  must  be  used  and  the  HF 

treatment  must  be  repeated  at  least  once.  The  resulting  CslF,0„  consists 

19  ^ 

of  a  mixture  of  the  cis  and  the  trans  isomer,  as  shown  by  F  NMR  and  vibra¬ 
tional  spectroscopy  (see  below).  The  ratio  of  cis  to  trans  isomer  varies 

somewhat  with  the  reaction  conditions  used,  but  the  formation  of  the  cis 

1 9 

isomer  appears  to  be  slightly  favored.  The  F  NMR  and  Raman  spectra  were 
recorded  for  solutions  of  CsIF^O^  in  anhydrous  HF  and  CH^CN.  Whereas  the 
CH^CN  solution  spectra  show  the  presence  of  the  I  Fj^O^  anion,  the  spectra  cf 
the  HF  solutions  are  characteristic  (see  below)  for  those  of  HOIFj^O.  This 
finding  is  in  excellent  agreement  with  the  previous  report  by  Selig  and  Elgad 
that  solutions  of  NalO,  in  anhydrous  HF  contain  HOIF.O  and  the  report  by 

^67 

Engelbrecht  and  co-workers  ’  that  HOI F^O  interacts  with  alkali  metal  fluor¬ 
ides  to  form  I F^Oj  salts.  Consequently,  the  above  equilibrium  reaction  In¬ 
volves  at  least  two  reactions 

+  HF 

10,  +  6HF  r  HCIF.O  +  HF„  +  2H.,0 

^  -HP  ^  2 

and  upon  HF  and  H^O  removal 
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-HF 

HOIFj^O  +  CsHF^  H;  CslF^O  +  2HF 
+HF_ 

The  intermediate  formation  and  the  slight  volatility  of  HOIF^O  also  explain 
why  in  some  of  our  CslF^02  preparations,  when  the  HF  was  rapidly  pumped 
off  at  elevated  temperature,  a  weight  loss  accompanied  by  some  CsHF^ 
formation  was  observed. 


The  above  synthesis  of  CslFj^02  from  CslO^  and  HF  appears  more  convtnient 
than  the  prevlojsly  reported  methods  involving  either  the  difficult  to  C)toin 
I  Fj^'i  ^  starting  material  or  the  isolation  and  rec-ystal  1 1  zat  i  on  of 
hlF^02-2IF,  from  I F^ ,  followed  by  its  pyrolysis.  However,  the  latter  method 
produces  almost  exclusively  the  trons  isomer  and  might  be  the  preferred 
method  if  pure  trans  is  desired.  The  fact  that  the  cis-trans  isomer 

ratio  strongly  depends  on  the  nature  of  the  reactants  suggests  that  this  ratio 
is  kinetically  and  not  thermodynamically  controlled.  This  conclusion  is  'n 
excellent  agreement  with  those  reached  by  Toetsch  nd  Sladky  for  the  closely 
related  TeF^(0H)2  system. 

An  alternate  method  for  the  formation  of  CsiFi^O^  involves  the  reaction 
of  CslO.  with  5rF„.  The  main  reaction  ran  be  described  by 

CslO^  +  2BrF^  -<■  CslF^^O^  +  aBrF^O 

this  reaction  is  analogous  to  that'^  previously  reported  for  KlO^  I F^ ,  i.e. 

KIC.  w  21  r,  -V  +  2IF,0 

‘t  b  A  2  3 

and  produces  almost  entirely  the  trans  isomer.  Compared  to  the  I F^  reaction, 

the  9rF  i-eaction  of'ers  the  advantage  that  the  BrF  0  and  6rF  by-products 
5  3  3 

are  volat'le  and  can  easily  be  pumped  off.  However,  the  resulting  product 

was  contaminated  by  nonvolatile  CsBrF^  which  could  not  be  readily  separated 

f  rom  the  Cs  I  f  ' 


The 

studied. 


reactions  of  CslO^  with  chlorine  fluorides 
With  CIF^,  trans  CsIFj^C^  was  formed  in  low 

CslO^  +  CIF,  -V  CslF^O,  +  FCtO^ 


were  also  briefly 
conversion  according 


to ; 


Attempts  to  achieve  higne."  conversions  by  the  use  of  longer  leaction  times 
failed  due  to  the  formation  of  CsiFg  as  the  main  product  and  of  CslF^^O  as 
a  m-nor  product. 
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When  ClPg  was  replaced  by  the  more  reactive  CIF^,  complete  conversion 

of  the  CslO.  was  obtained,  however  all  the  oxygens  in  10,  were  exchanged  for 

^  ^22 
fluorine  and  the  solid  product  eons  i  s  ted  of  a  mixture  cf  CslF>'21F.  and 

23  0  5 

CsClFj^  .  Based  on  the  observed  material  balance,  the  following  reaction 

occurred: 

3Csl0^  +  IICiF^  -v  6FCIO2  +  3C1F  +  2C5C1F^  +  r.slF^-2IFg 

The  Formation  of  C 1 f  and  of  half  of  the  FCIO,  can  be  readily  explained  by 
2A  ^ 

the  well  known  disproportionation  of  the  expected  unstable  FClO  inter* 
med late; 

2FC10  -*■  FCIO^  +  CIF 

The  fluorlnatlon  of  CslO^^  by  elemental  fluorine  at  temperatures  up  to 
60  C  1  n  a  static  system  was  also  studied.  The  main  products  were  i^slFg 
and  CsIFg,  with  Cs I F^O  and  cis  and  trans  CsIF^O^  as  minor  products. 

In  view  of  the  fact  that  the  fluorlnatlon  reactions  of  CslOj^  with 
ClFj,  BrFg,  ClFg  or  F^  do  not  result  In  pure  compounds  they  are  less 
attractive  synthetic  methods  for  the  preparation  of  CsIFj^O^- 


Vibrational  Spectra  of  CsIFj^O^.  The  vibrational  spectra  oF  solid  CsIF^O^ 
were  recorded  for  samples  which  differed  in  their  cis  and  trans  isomer 
content.  The  observed  spectra  are  given  in  Figures  1  and  2  and  tne  observed 
frequencies  and  their  assignments  in  point  group  and 


arc  summarized  in  Tables  I  and  II,  respectively.  The  bands  belonging  to 
the  trans  isomer  could  be  readily  distinguished  from  those  of  the  cis  isomer 
due  to  the  fact  that  only  the  trans  isomer  has  a  center  of  symmetry  v.hich 
causes  the  infrared  and  Raman  oands  to  be  mutual  iy  exclusive.  Fg[-the  rmore . 
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the  NMR  spectrur^.  (see  below)  clearly  distinguished  the  trans  from  tne 
cis  Isomer  and  established  which  isOTier  was  more  abundant  in  a  given  sample. 

Assignments  and  Norma  1^  Coord  1  nate  Analysis  for  trans  trans 

1  dnion  of  sy.mmetry  should  possess  11  fundamental  modes  classified  as 

2A  +  2A  +  B,  B,  +  +  F.  +  3E  •  Of  these, the  A,  ,  B,  ,  B  and  E 

Ig  2u  Ig  2g  2u  g  u  Igl^Zg  g 

modes  should  be  Raman  active  only,  the  and  E  modes  should  be  infrared 

2u  u 

active  only,  whereas  the  mode  should  be  inactive  In  both  spectra.  Of 

the  10  active  modes,  all  five  Raman  active  modes  and  three  out  of  the  five 

infrared  active  modes  have  been  observed  and  can  be  readily  assigned  based 

on  their  activity,  polarization  data  and  by  comparison  with  the  closely 

related  species  I F^“ I F^O"  IF^^^’^^and  IF^c’^'^^  (see  Table  1).  The 

correctness  of  these  assignments  was  confirmed  by  a  normal  coordinate  analysis 

using  the  symmetry  coordinates  and  G  matrix  elements  previously  pub  1  I shed^^  by 

Beattie  and  coworkers.  The  bond  distances  were  estimated  to  be  ^ 

and  d|Q  =  1 . 72  8,  based  on  the  known  structures  and  stretching  frequencies  of 

Che  related  IF^o'^’^^’^'  and  molecules  and  the  IF^O  anion. 

The  force  constants  of  the  B^^,  and  E^  species  are  uniquely  determined. 

In  the  A,  block,  the  G,,  element  Is  zero  and  therefore  F,,  can  be  ignored. 

Ig  12  12 

For  the  A,  block,  the  extremal  solution,'^  F,  ,  Min,  was  used  which  has 
2u  'kk_ 

previously  been  shown  ^  for  the  closely  related  1 F^  anion  to  be  an  excellent 
approximation  to  a  genera’  valence  forcefleld  for  these  weakly  coupled  systems 

For  the  E  blocK,  only  the  frequency  value  of  the  stretching  mode  is  experi- 

^  -  .  25 

mentally  known.  A  comparison  with  the  force  field  of  the  related  !F^  anion 

showed  that,  due  to  the  heavy  iodine  ceritral  atom,  the  approximation  F^^^  = 

A  ,/Gg.  yields  an  almost  exact  value  for  the  stretching  force  constant  in  the 

E  block,  and  was  therefore  used  for  IF,0^  .  The  'esultinq  force  field  is 

listed  in  Table  Ml  and  strongly  supports  our  assignments.  Table  IV  gives 

a  comparison  of  the  internal  stretching  force  constants  of  trans  IF.O. 

.25  .26  35  29^2  ^36 

wltn  those  of  the  closely  related  species  I ,  IF^^O  ,  IF^,  >  F^O  and  I  F^  . 

As  previously  discussed^^  for  chlorine  oxy f 1 uor i des  ,  the  I  F s t retch i ng 

force  constants  increase  in  the  sequence  anions  <  neutral  molecules  <  cations, 

and  within  a  given  group  with  increasing  oxidation  state  of  the  iodine 


RI/RD81-140 

G-12 


•I3‘ 


central  atori.  The  10  stretching  force  constants  are  in  the  range  expected 
for  I  =  0  double  bonds  and  demonstrate  that,  even  in  the  anions,  the  formal 
negative  charge  is  located  mainly  on  the  more  electronegative  fluorine 
ligands  rather  than  on  the  oxygen  ligand.  Consequently,  contributions  from 
resonance  structures,  such  as  I  and  II, 


0) 


0 


are  more  important  than  those  from  III  and  IV 


F 


.  @ 

iin  theoc 


®  0^ 


to  explain  theTjondIng  in  I F^O^  .  Resonance  structures,  such  as  I  and  II, 
also  account  for  the  decrease  of  the  IF  stretching  force  constants  with 
increasing  formal  negative  charges  and  also  with  decreasing  oxidation  state 
of  the  central  atom.  Both  effects  increase  the  i  *  F  polarity  of  the  IF 
bonds,  hereby  causing  the  bonds  to  become  more  ionic,  longer  and  therefore 
weaker.  This  weakening  of  the  IF  bonds  can  be  very  significant  as  is 


F^  which  Is  only  4)%  of  that  in 


demonstrated  by  the  low  value  of  f^  in 

IFg"*^.  The  fact  that  the  10  stretching  force  constant  drops  from  I  Fj^O  (6.56 
r,dyn/8)  towards  I  F^O^  (6.15  mdyn/8)  ,  In  spite  of  an  increase  in  the 
oxidation  state  of  the  Iodine  atom,  is  interesting  and  parallels  the  trends 
previously  noted  for  chlorine  oxy f I uor i des ,  i.e.,  the  electron  releas" 
ing  effect  of  oxygen  ligands  in  highly  electronegative  compounds. 


Assignments  for  cis  assignments  for  cis  1  ^^1^2  i^^ve  been 

limited  to  the  stretching  modes  because  only  10  of  the  15  fundamentals, 
expected  for  point  group  nave  been  observed  and  because  no  reliable 

assignments  have  been  published  for  similar  species.  The  assignment 
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of  the  two  10,  stretching  modes  is  straight  forward  based  on  their  high 

^  189 

frequencies,  relative  intensities  and  the  previously  published  0  spectra. 

The  symmetric  i F,  axial  and  the  symmetric  IF,  equatorial  stretch  must 

^  ^  - 1 
belong  to  the  two  Intense  polarized  Raman  bands  at  540  and  609  cm  , 

respectively,  with  the  axial  mode  resulting  In  a  weak  and  the  equatorial 

mode  resulting  In  a  strong  infrared  counterpart.  The  antisymmetric  axial 

a.nd  the  antisymmetric  equatorial  I stretch  should  both  be  very  intense 

in  the  Infrared  spectrum  and  therefore  are  assutr.ed  to  coincide  at  about 

600  cm  *,  resulting  in  a  very  strong,  broad  band. 

Comparison  with  Previous  ^ F^O,  Assignments.  Disregarding  some  solvent 

induced  shifts,  the  above  assignments  for  cis  IF  C,  agree  -well  with  those 
9  ^  ^ 

previously  reported  by  Sellg  and  Elgad  for  an  aqueous  solution.  The  only 
minor  discrepancy  is  the  assignment  of  the  antisymmetric  axial  1 F^  stretch. 
For  trans  I  Fj^O^  ,  the  assignments  proposed  by  Gillespie  and  Krasznai  for 
six  of  the  nodes  have  been  revised  for  three  of  them.  The  vibrational 

g 

spectra  reported  by  Carter  et  al.  show  that  their  sample  contained  mainly 
trans  I  F^O^  ,  but  was  incorrectly  interpreted  in  terms  of  the.  cis  isomer. 

1 9 

F  NMR  Spectra  of  I  Fj^O,  and  H0IF|^O.  The  presence  and  the  relative  amounts 

of  cis  and  of  trans  ' F^O^  in  the  above  samples  were  verified  by  '^F  NMR 

spectroscopy.  The  spectra  were  recorded  in  CH^CN  solution  at  -70°C  and 

showed  a  narrcxv  singlet  at  p  65- '  for  the  trans  isomer  and  a  broader 

pattern  at  66.0  andll2. 8  with  «204  Hz  for  the  cis  i  sore  r .  The 

observed  shifts  and  coupling  constant  are  in  fair  agreement  with  the  value 

previously  reported  for  solutions  in  CH.CN  (trans:  T  62.0),'^  IF  (cis:  P 

u  ]  0  ,  ^ 

68.5,  102.1;  Jpp  -  202  Hz.  trans;c70.6),  and  aqueous  HF  {cls:s64,  105; 
Jpp  =  196  Hz) 


Solutions  of  CsIF^O^  in  anhydrous  HF  at  -75  C  resulted  in  a  sharp 

singlet  at  p  62.0  and  a  broadened  pattern  at?  61.8  and  Sp-S  with 

J-,.  =  220  Hz.  At  room  temperature,  the  A.B,  pattern  was  broadened  to  the 
F  F  Z  Z 

extent  tHat  it  could  barely  oe  detected.  Although  these  spectra  are 


RI/RD81-140 

G-14 


l 


.liiiiiiiiiHiiiiiiiiiiiiiiiiiiiijiiiir 


-15- 


similar  to  those  of  IF(^02  '  ' conclusIy«ly  shewn  (see  below)  by  l^anan 
spectroscopy  that  they  are  due  to  cis  and  trans  HOIF^O  and  not  to  •  Fj^02  • 
This  finding  Is  in  excellent  agreement  with  the  conclusion^  reached  by 
Selig  and  Elgad  that  their  signals  (I)  anal  (2)  observed  for  solutions  of 
SlalOj^  In  HP  are  due  to  cis  and  trans  HOIF^^O.  The  observed  chemical  shifts 
and  coupling  constant  are  in  fair  agreement  with  previous  repor ts^ ’ ^ ^ 
considering  the  different  solvents  and  conditions  used  for  recording  the 
spectra.  The  coupling  constant  of  21  Hz,  previously  reported  by  Gillespie 
and  Krasznai,'^  appears  to  be  a  typographical  error. 

Synfhesis  and  Properties  of  HOIP^^O.  The  abo^e  described  experiments  in¬ 
volving  CslF^O^  in  HP  solutions  indicate  the  existence  of  the  following 
equi I ibrium 

+HF 

CsIF.O  +  2HF  i  CsHF  +  HOIF.O 
^  -HF  ^  ^ 

which,  in  the  presence  of  a  large  excess  of  HF,  is  rtifted  all  the  way  to 

6  7 

the  right  side.  In  view  of  the  lack  of  a  convenient  synthesis  of  HOIF^O,  ’ 

this  reaction  was  utilized  to  prepare  HOIFj^O.  Since  during  HF  removal 

the  above  equilibrium  Is  shifted  back  to  the  left,  the  CsHF^  was  converted 

Into  an  insoluble  BiF.  salt  according  to 

°  HF 

CsHF^  +  BiF^  •>-  CsBiF^4- 

which  can  be  filtered  off  at  The  resulting  mixture  of  HOlF^O  and 

HF  can  be  easily  separated  by  fractional  condensation  or  distillation. 

The  '^F  NMR  spectrum  of  HOIF^^O  in  HF  solution  was  recorded  at  ■75°C 
and  was  identical  to  that  obtained  by  dissolving  CslF^O^  in  HP  (see  above). 
The  ratio  of  cis  to  trans  isomer  in  the  HCIFj^D  sample  appeared  to  be 
similar  to  that  in  the  CsIP^O  starting  material.  It  should  be  pointed  out 
that  at  roo.m  temperature  the  signal  due  to  the  cis  isomer  can  be  so  broad 
that  it  is  difficult  to  detect, thereby  giving  the  false  impression  of 
dealing  with  samples  containing  exclusively  the  trans  isomer. 

The  Raman  spectra  of  liquid  HOIPj^O  showed  some  variation.  Freshly 
prepared  samples  and  HF  solutions  exhibited  spectra  simliar  to  that  of 
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trace  A  of  Figure  3-  On  standing,  the  872  cm  '  band  decreased  in  intensity 

and  bands  at  828  and  799  Cfri  *  started  to  grow  in.  In  addition  the  bands  in 

the  600-700  cm  '  region  became  broader  and  shifted  to  slightly  lower  fre- 

19 

guencles,  as  shown  by  trace  B  of  Figure  3*  Based  on  its  F  NMR  spectrum, 
a  sample  of  HOIF^^O  in  HF  solution  which  showed  a  Raman  spectrum  very  similar 
to  that  of  trace  A  of  Figure  3  consisted  mainly  of  the  els  isomer.  Whether 
the  change  from  Raman  spectrum  A  to  spectrum  6  involves  a  change  in  the  isomer 
ratio  or  is  caused  by  association  effects  was  not  clearly  established. 

Synthesis  of  F0IF|0.  Previous  studies  have  shown  that  unstable  NF,^  salts 

^  -3-4  ^  . 

containing  oxyanions,  such  as  ClOj^  or  SO^F  ,  can  be  prepared  by  metathesis 

in  anhydrous  HF  solution  according  to: 

HF 

NF^SbF^  +  CsXO^  -*■  CsSbFg4.+  NF^XO^ 

Thermal  decomocs i t ion  of  these  NF,  salts  provided  a  new  high  yield  synthetic 

3  i*  ^ 

route  to  hy pof 1 uor i tes .  ’  Sirice  no  examples  of  iodine  hypof luori tes  had 
previously  been  known,  it  was  Interesting  to  examine  the  appl icabl i 1 i ty 
of  this  method  to  periodates. 


Since  the  10^^  anion  Is  fluorinated  to  ^^1^2  '  anhydrous  HF,  as 
shown  by  the  above  studies  and  the  previous  report  by  Sellg  and  Elgad,^ 
the  metathetical  reaction  of  10^  itself  could  not  be  studied.  However, 
when  was  replaced  by  'Fj^O^  .  the  following  metathetical  reaction 

occurred : 


NF, SbF, 
^  6 


HF 

+  CsIF.O,  ■*  CsSbF,  4-+  HOIF.O  +  NF.HF, 

k  6  A  A  2 


The  CsSbF,  precipitate  could  be  easily  filtered  off  at  -78°C  and  Raman  and 
^F  NMR  Spectroscopy  of  the  filtrate  showed  the  presence  of  NF^  and 
HOIFj^O  (see  above)  with  no  evidence  for  the  '  Fj^02  anion.  This  Is  in  agree¬ 
ment  with  the  above  results  for  CsIF^O^  which  demonstrated  that 
salts  undergo  solvolysis  in  anhydrous  HF  according  to: 


Raman  and 


MIF.O,  +  2HF  -*•  HHF^  HOIF.O 
A  2  2  A 

*^F  NMR  spectra  showed  that  these  NF^HF^- HO  I  F  ,^0  containing  HF 
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solutions  are  unstable  at  room  temperature  and  slowly  decompose  to  NF^ 
and  a  new  compound  Identified  (see  below)  as  a  mixture  of  cis  and  trans 
FOIFj^O.  At  the  same  time,  the  relative  Intensities  of  ti\e  NF^  and  HOIF^O 
signals  decreased  accordingly.  When  the  HF  solvent  was  pumped  off  at  “30°C 
from  a  freshly  prepared  NF^H F^-HO I F^^O  solution,  a  white  solid  residue  was 
obtained,  The  1 ow- temperature  Raman  spectrum  of  this  solid  showed  the 

presence  of  the  NF,  cation,  but  the  remaining  bands  wero  to  broad  to  permit 

.  ^  *  *3 

a  positive  distinction  between  1^2^02  *  possibly  seme  HF^  ‘nHF. 

The  new  compound  FOlFj^O  was  obtained  in  high  yield  by  decomposing  at  room 

temperature  this  thermally  unstable  solid,  with  the  by-product  being 

Since  the  sane  products  were  obtained  from  HF  solutions  whicn,  based  on 
1 9 

their  F  NMR  and  Raman  spectra,  contained  only  HOIF^^O  but  not  ''"^^02  .  it 
appears  that  FOIF^O  Is  formed  by  fluorination  of  HOIF^O  by  either  NF^  or 
nascent  fluorine  formed  during  the  thermal  decomposition  of  the  marginally 
stable  NF^^HF2  -nHF.^  Consequently,  it  was  interesting  to  investigc>te 
whether  FOlFj^O  could  also  be  obtained  by  the  fluorination  of  HOlFj^O  with 
elementary  fluorine.  However,  fluorination  reactions  carried  out  at  25°C 
using  either  neat  or  HF  solutions  of  HOIF^O,  2  atm  of  F^  pressure  and  a 
shaker  for  agitation,  did  not  result  in  any  fluorination  of  HOI  F^^O  and  o.nly 
unchanged  starting  materials  were  recovered. 

Since  the  fluorination  reactions  of  alkali  metal  salts,  such  as 

CsSF  0,  CsCF  0,  CsClO, ,  or  KNC  with  elementary  fluorine  yield  the  corres- 
b  J  * 

ponding  hypof 1 uor i tes ,  it  was  interesting  to  study  the  analogous  fluori¬ 
nation  reaction  of  CslFj^02-  In  static  systems  up  to  60°C  slow  reactions 
between  CsIF^Oj  and  F2  were  observed  producing  1 F^O  in  low  yield  as  the  Only 
volatile  product.  Since  '  FjO  ‘S  the  primary  decomposition  product  of  F0IF|^0 
(see  below)  the  intermediate  formation  of  some  FOiF^O  in  this  reaction 
cannot  be  ruled  out.  Similarly,  the  fluorination  of  CslOj^  with  F2  under 
comparable  conditions  produced  small  a.mounts  of  I F^O  as  the  only  volatile 
product,  The  Raman  spectra  of  the  solid  residues  from  both  reaction  systems 
siiowed  the  presence  of  CsIFg,^*  CsIF^,^^  cis  and  trans  CsIF^O^,  and  CsIF^O.^^ 
The  low  reactivity  of  the  I  ==  C  double  bond  in  I F^C  was  further  demonstrated 
by  separate  experiments  showing  that  F,,  is  not  added  across  tne  I  =  0 
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double  bond,  even  in  the  presence  of  CsF  as  a  catalyst,  at  temperatures  between 
-196  and  IS^Z  using  an  excess  of  F^. 

Properties  of  r0IF|^O.  As  shown  by  NMR  and  vibrational  spectroscopy  (see 

below),  P0IF,0  exists  in  the  Form  of  two  isomers,  one  in  which  the  two 

oxygens  are  cis  ana  one  in  which  they  are  trans  to  each  other.  Attempts 

were  unsuccessful  to  separate  the  two  isomers  by  gas  Chromatography  at 

25°  using  a  30  foot,  3/16  inch  o.d.,  stainless  steel  column  containing 

Ij2 

50-percent  Halocarbon  oil  No.  l4»ll\/  on  Ke1-F  3OO  (70*80  mesh).  Conse¬ 
quently,  the  physical  properties  could  only  be  determined  for  a  mixture 

19 

of  both  isomers.  Based  cn  their  ^F  NMR  peak  areas,  the  ratio  of  cis  to 
trans  isomer  in  the  sample  used  for  the  physical  property  measurements  was 
1.92:1.  FOIP^O  is  colorless  as  a  gas,  pale  yellow  as  a  liquid,  and  white  in 
the  solid  state.  The  given  sample  melted  at  “33.1°C.  Vapor  pressures  were 
fitted  by  the  method  of  least  squares  to  the  equation 

log  P(mn)  *=  7.62925  -  1A32.0/T(°K) 

with  an  index  of  correlation  of  0.99991.  The  extrapolated  boiling  point 
is  28.37°C.  Measured  vapor  pressures  at  the  noted  temperatures  are 
[T(°C) ,P(mm)] :  -^5.3,  22;  -33-1,  ^7;  -23.0,  80;-13.7,  129;  0,  24k.  The 
latent  heat  of  vaporization  of  POIF^O  is  6.55  kcal/mol  and  the  derived 
Trouton  constant  is  21.73,  indicating  little  association  in  the  liquid  phase. 
This  Is  in  agree.ment  with  the  relatively  lo.'  boiling  point  and  the  small 
changes  between  the  vibrational  spectra  of  the  gas  and  the  liquid  (see  below). 
The  molecular  weight  was  deter.mlned  from  the  vapor  density  and  found  to  be 
254,5  (calcd  for  FOIF^O,  253.9).  The  good  agreement  indicates  little  or  no 
association  in  the  gas  phase  at  the  pressure  used  (P~latm). 

FOIF^O  is  marginally  stable  at  room  temperature  and  can  be  handled  in 
well  passivated  metal  and  Teflon  equipment  without  rapid  decomposition.  The 
fact  that  I F^O  was  frequently  observed  as  an  impurity  in  the  vibrational  and 
NMR  spectra  suggests  the  following  primary  decomposition  mode 

FOIr^C  IF^O  +  H  O2 

when  a  sample  of  FOIF^C  has  heated  in  a  stainless  steel  cylinder  to  1 20°C 
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for  388  hours  decomposition  to  IF.  and  0,  was  observed.  This  Is  not  surprising 

1 3  ->  2 

In  view  of  a  previous  report  that  1 F^O  readily  decomposed  to  I Fj  and  O^. 

As  expected  for  a  hexacoordl nated  iodine  species,  FOIF^O  is  neither  a  good 
fluoride  ion  acceptor  nor  s  donor.  Thus,  it  does  not  form  stable  adducts 
at  room  temperature  with  either  the  strong  Lewis  acid  SbFj  or  the  strong 
Lewis  base  CsF.  Attempts  to  add  FOIF.O  across  the  C^C  double  bond  in  C.F, 

H  2  H 

were  unsuccessful.  Fluorination  and  oxygenation  of  C2F^  occurred  with 
COF^,  CF^CFO  and  C^F^  being  the  principal  reaction  products. 

19  19  - 

F  SimR  spectra  of  F0IF,^0.  The  ^F  NMR  spectra  of  FOIFj^O  were  recorded 

for  the  neat  material  and  HF  solutions  and  were  essentially  identical.  The 

spectra  of  the  neat  liquid  and  solid  are  shown  in  Figure  L,  together  with  tne 

observed  chemical  shifts  and  coupling  constants.  Peak  area  measurements 

showed  that  the  202  and  67  ppm  signals  belong  to  an  AX^  and  the  176,  175  and 


77  ppm  signals  to  an  A^BCX  system.  The  AX^^  system  is  readily  assigned  to  the 
trans  isomer  9*^*^ 


■'"he  chemical  shift  of  66.8  ppm  of  the  four  equatorial  fluorines  is  almost 

Identical  to  that  in  I F^O  (68.5  PPm  for  neat  I F^O  at  -20°C)  and  that  of 

202.5  ppm  of  the  fluorine  on  oxygen  is  similar  to  those  of  other  hypo- 

fluorites,  such  as  0,C10F  (219  ppm)  ,  SF  OF  (  1 89  ppm),^^  or  trans  -  Ser,(0F) 

J  5  -4  2 

(179  ppm).  The  f  1  uor  i  ne- f  I  uor  1  ne  coupling  constant,  =  3A  Hz,  is  in  good 
agreement  with  the  value  of  27  Hz,  previously  reported  for  the  coupling 
constant  of  the  four  equatorial  fluorines  to  the  two  hypofluorite  fluorines 


in  trans  -SeFj^(0F)2. 


The  broadened  fluorine  on  iodine  resonance  and  the 


lack  of  observable  fine  structure  in  FOIF^O  is  attributed  to  unresolved  IF 

coupling  (  I  1  =  5/2)  due  to  decreased  quadrupole  relaxation  caused  by  the 

6 

approximately  spherically  symmetric  electric  field  about  the  iodine. 

The  A^BCX  system  is  assigned  to  the  cis-isomer 

F- 

I  /-'s 
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and  also  shows  an  unresolved  IF  signal  (at  about  77  ppm)  and  a  resolved 

hypoFluorlte  signal  (at  about  202  ppm)  which  exhibits  a  pronounced  tempera* 

ture  dependence.  At  40°C,  the  OF  signal  approximates  a  first  order  doublet 

(J=88H2)  of  triplets  (J=14H2),  Since  Coupling  should  be  stronger  to  the  cis 

44 

fluorines  than  to  the  trans  fluorine,  this  spectrum  could  then  be  in^dr- 
preted  as  being  due  to  the  cis  Isomer  with  free  rotation  around  the  1*0  single 
bond  and  88Hz,  I4H2  and  being  too  small  to  be  resolved.  On 

cooling,  the  line  width  -ecomes  smaller  and  the  CX  coupling  beco.mes  ooserva- 
ble.  As  can  be  seen  from.  Figure  4,  the  spectrum  exhibits  pronounced  second 
order  effects  and  a  corouter  aided  analysis  will  be  required  to  obtain  precise 
coupling  constants.  The  fact  that  the  unresolved  fluorine  On  iodine  signal 
has  a  significantly  larger  line  width  for  the  cis  than  for  the  trans  isomer 
is  not  surprising  because  the  cis  Isomer  possesses  three  similar  but  never* 
theless  nonequivalent  types  of  fluorine  on  iodine. 


Vibrational  Spectra  of  FQIFi^Q  and  IF  Q.  The  infrared  spectra  of  the  gas  and 

of  the  Neon  matrix  isolated  solid  and  the  Raman  spectra  of  liquid  and  solid 

FOIF^O  were  recorded  (see  Figures  5  to  7) ,  and  the  observed  frequencies  are 

summarized  in  Table  V.  The  studied  samples  were  mixtures  of  cis  and  trans 

FOIF^O  with  a  cisitrans  ratio  of  about  1.9  based  on  the  NMR  spectra  and,  in 

the  matrix  study,  also  contained  a  s.mall  amount  of  IF^O,  formed  during  mani* 

pulation  of  the  sample.  Since  the  vibrational  spectra  of  cis  and  trans 

FCIFj^O  and  of  1  all  very  similar,  the  gas  phase  infrared  spectra 

are  only  of  limited  value  for  distinguishing  the  three  compounds.  However, 

the  Ra.man  spectra  of  the  liquid  and  solid  and  particularly  the  infrared 

spectra  of  the  matrix  isolated  samples  definitely  confirm  the  presence  of 

19 

the  two  FO I  F^O  isorriers  established  by  the  F  NMR  study.  Some  distinction 
of  tne  cis  fro.m  the  trans  isomer  bands  was  possible  from  a  comparison  of 
spectra  of  samples  having  different  cis  to  trans  ratios  (see  for  example 
traces  D  anc  E  of  Figure  5) ■ 


Tentative  assignments  for  the  stretching  nodes  of  cis  and  trans  F0IF;.0 

are  given  in  Table  V  and  were  made  by  comparison  >.  ith  those  established  'on 
14  29 

I  F^C  ’  and  I  (see  above),  relying  mainly  on  the  ODserved  relative 

infrared  and  Raman  intensities. 
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The  vibrational  spectra  observed  for  IF^O  are  In  excellent  agreeinent  v.'!  th 

lli  29  ^ 

those  previously  reported,  *  except  for  the  fact  that  our  spectra  do  not 

“  1  29 

show  a  strong  Infrared  band  at  640  cm  .  As  previously  suggested,  this 

band  Is  due  to  IF-i  principal  decomposition  product  of  IFpO. 

P  b 

Mass  Spectra.  The  recording  of  the  mass  Spectrum  of  FOIF^O  presented  diffi¬ 
culties  due  to  reaction  of  the  compound  with  the  in’et  system,  resulting  in 
the  formation  of  some  IF^O.  Furt^  ,  1^  has  almost  the  same  mass  (253-8) 
as  the  parent  FOIF^O  (253-9).  thus  m.ikiiiy  a  distinction  of  the  two  molecules 
difficult.  These  problems  were  ovn-^v^me  by  recording  the  spectra  of  pure  !  F^O 
under  the  sane  conditions  and  subtracting  the  IF^O  pattern  from  that  of  the 
FClFj|.0  containing  sample.  The  interference  from  was  eliminated  by  recording 
spectra  of  l;1  mixtures  of  ClF^  and  FOlF^O.  The  C 1 F^  oxidized  1^  rapidly  to 
iodine  fluorides,  but  did  not  appear  to  interact  with  FOIFj^O.  The  mass  crack¬ 
ing  pattern  obtained  In  this  manner  for  FOIF.O  is  listed  in  Table  VI  and 
agrees  with  the  expectations  for  a  hypof luori te.  The  l-OF  single  bond  is 

*4* 

readily  broken  to  yield  an  Intense  I F^O  fragment  which  can  undergo  addi¬ 
tional  oxygen  and/or  fluorine  loss. 

Synthes  is  of  CIO  I  F|^0.  Since  FOIFj^O  was  found  to  be  stable,  the  synthesis 
of  the  analogous  hypochlorite,  ClOIFj^O  appeared  feasible-  Using  CsIFj^O^  and 
ClOSOjF,  a  generally  useful  reagent  for  the  syntheses  of  hypochlorites, 
the  synthesis  of  CIOIF^O  was  accomplished  according  to; 

CsIF.O^  +  C10SO.,F'^®  ^sS0,F  +  CIOIF.O 
4  2  2  3  4 

The  resulting  ClOIFj^O  appears  to  be  highly  reactive,  difficult  to  handle 
and  thermally  unstable.  Consequently,  the  compound  could  not  be  well  charac¬ 
terized,  The  main  evidence  for  its  existence  is  the  infrared  spectrum  of 

the  gas  which  exhibits  a  spectrum  similar  to  that  of  FOIF.O,  but  with  the  0-F 

_ )  ^ 

stretch  being  replaced  by  a  band  at  763cm  ,  characteristic  of  an  0-Cl 

stretch, and  with  the  1=0.  IF,  and  1-0  stretching  modes  being  shifted  to 
slightly  lower  frequencies-  The  compound  decomposes  to  '  f  ^  >  ^rid  attempts 
to  add  it  across  the  C=C  double  bond  of  C^F^  did  not  result  in  stable  adducts. 
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Coric  1  u5 ! on ;  Although  the  isolation  of  NF^  salts  of  either  10^  or 
was  not  possible,  solutions  containing  and  HOlFj^O  were  found  to  decompose 

to  produce  FOIF.O  in  high  yield.  This  is  in  marked  contrast  to  the  similar 
syntheses  of  FOCIO^  and  FOSO^F  where  the  corresponding  NF^  ClO^  and 
NF^^'^’SOjF  ^  salts  were  shown  to  be  the  actual  Intermediates.  FOIFj^O  is  the 
first  known  example  of  an  iodine  hypofluorite  and  exist:  as  a  cis  and  a 
trans  isomer.  It  is  a  stable  compound  and  was  thoroughly  characterized. 

The  analogous  hypochlorite,  CIOIF^O,  was  also  prepared  for  the  first  time, 
but,  as  expected,  is  considerably  less  stable  than  FOIF^O.  The  reaction  of 
CslO^^  with  HF  was  found  to  be  a  convenient  synthesis  of  Cs  I  F^^O^  'which, 
by  reaction  with  BiF^  in  HF,  can  readily  be  converted  into  ^OlFj^O,  thus 
providing  easy  access  to  tctraf luoroperiodates.  The  bonding  in  trans  IFj^U2 
was  studied  by  vibrational  spectroscopy,  and  the  results  of  a  normal  coor¬ 
dinate  analysis  are  in  excellent  agreement  with  the  trends  previously  estab- 
37 

lished  for  ch I  or i neoxyf 1 uor ides . 
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Table  V,  Vibrational  Spectra  of  FCIF, O' 
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(a)  Mixture  of  cis  and  trans  isomer, 
based  on  trace  E  of  figure  5- 


(b)  Uncorrected  Raman  intensities 
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Table  VI.  Hass  SpeCt/um^  of  a  Mixture  of  cis  and  trans  FQIFi^O 


m/ e 

rel  Intens 
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15 
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143 

7 

lo"^ 

127 

38 

l" 

(a) 

Recorded  with  an  Ionization  potential  of  70  eV,  using  a  1:1  mixture  of 
fOlF^O  and  CIF^.  Peaks  due  to  ClFj  and  1 F^O  have  been  subtracted  from 
the  pattern. 
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Figure  I.  Vibrntional  spectra  of  a  CslF^02  sample  containing  mainly  trans 
IF^O^  (bands  marked  by  their  frequency  values)  and  smaller  amounts  of  cis 
I  F  1^0  2'  Trace  A, infrared  spectrum  of  the  solid  as  a  dry  powder  pressed 
between  AgCl  disks;  the  broken  line  indicates  absorption  due  to  the  window 
material.  Trace  B,  Raman  spectrum  of  the  solid.  Inserts  C,  Raman  bands 


of  the  CH^CN  solution  recorded  with  parallel  and  perpendicular  polarization. 


Figure  2.  Vibrational  spectra  of  a  CslF^02  sample  containing  mainly  cis 
I  Fj^02  (bands  marked  by  frequency  values)  and  smaller  amounts  of  trans 
I F^C2  (marked  by  t} .  Trace  A,  infrared  spectrum  of  the  solid  as  a  dry 
powder  oressed  between  AgCl  disks.  The  weak  bands  at  815  and  k70  cm  ' 
probably  do  not  belong  to  '  Fj^02  .  Trace  B,  Raman  spectrum  of  the  solid. 
Trace  C,  Raman  spectra  of  a  CH^CN  solution.  Solvent  bands  are  marked  by 
an  asterisk. 


Figure  3.  Raman  spectra  of  liquid  HOIFj^O,  recorded  in  Teflon  FEP  tubes  at 
room  temperature, 

1 9 

Figure  ^F  NMR  spectra  of  cis  and  trans  FOIF^O  recorded  at  different 

temperatures.  The  signals  due  to  the  0-F  fluorines  are  given  at  a  ten 
times  wider  scale  then  those  due  to  fluorines  on  iodine.  Positive  shifts 
are  downfieid  from  the  external  CFCI^  standard. 

Figure  5-  ViDracional  spectra  of  a  mixture  of  cis  and  trans  FOIF^O  in  a 
ratio  of  about  1.9:1-  T races  A  and  B,  infrared  spectra  of  the  gas  recorded 
at  pressures  of  10  and  95  mm, respect i ve ly ,  in  a  5  cm  path  length  cell 
equipped  with  AgCl  windows.  Most  of  the  absorption  below  AOO  cm  is  due 
to  the  window  material.  Trace  C,  infrared  spectrum  of  FOIF^^O  isolated  In 
a  Neon  matrix  (.MR  1000:1)  and  recorded  at  6°K.  Traces  D,  E  and  F,  Raman 
spectra  of  liquid  FOlF^O  recorded  in  A  mm  o.d.  quartz  Cubes  at  -2C*^C  for 
2  samples  containing  somewhat  different  ratios  of  cis  (c)  :  trans(t)  iso.mer 
with  the  incident  polarization  parallel  and  perpendicular. 
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Figure  6.  Infrared  spectra  of  I F^O  and  FOIF^O  In  Me  matrix  (MR  1000:1) 
at  6°K  recorded  at  20  fold  scale  expansion.  The  bands  due  to  I  the 

FOlFj^O  spectrum  are  marked  by  an  asterisk. 

Figure  7.  Infrared  spectra  of  I  F^O  and  FOIFj^O  in  Ne  matrix  (MR  1000:1). 

Figure  8.  Vibrational  spectra  of  IF^O.  Trace  A,  infrared  spectra  of  the  gas, 
trace  B,  infrared  soectrum  In  Me  matrix,  trace  C,  Raman  spectrum  of  the  liquid, 
all  recorded  under  conditions  identical  to  those  of  Figure  5. 
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Abstract 


The  molecular  structure  of  CIF^O  has  been  studied  by  gas  electron  diffraction. 
A  distorted  trigonal  bipyramid  with  the  following  geometric  parameters  (ra 

values)  was  obtained:  Cl  *  0  1.405  (3)  8,  Cl-F^  *  1.603  (4)  8,  Cl-F^  =  1.713 
(3)  8,  ^F^CIO  =  108.9°  (0.9).  ^F  CIF^  =  87.9°  (1.2)  and  ^P.CIO  «  94.7°  (2.0). 
Steric  repulsion  effects  in  equatorial  and  axial  directions  for  the  double 
bond  and  the  lone  electron  pair  of  chlorine  are  discussed.  The  position  of 
the  Icne  pair  was  derived  from  ab  initio  calculations. 

Introduction 


Chlorine  trifluoride  oxide  was  independently  discovered  in  1965  at  Rocketdyne 

p 

and  1970  at  Saclay  .  No  structural  data  have  been  published  for  this  interesting 

23  19  1  4  17  5 

compound,  except  for  its  vibrational  ’  and  F  '  and  0  NMR  spectra  which 
were  in  agreement  with  a  pseudotrigonal  bipyramidal  structure  of  synmetry  . 

In  this  structure,  two  fluorines  occupy  the  axial  and  one  fluorine,  one  oxygen 
and  one  sterically  active  free  valence  electron  pair  occupy  tne  equatorial 
positions.  It  was  recently  proposed^  that  free  valence  electron  pairs  and  V. 
bonds  can  result  in  directional  repulsion  effects  for  trigonal  bipyramidal 
molecules.  Since  ClF.^0  possesses  both  a  free  valence  electron  pair  and  a  n 
bond,  a  knowledge  of  its  exact  molecular  structuie  was  or  great  interest.  In 
this  papaer,  the  results  of  a  structure  determination  of  ClF.,0  by  gas  phase 
electron  diffraction  are  given  in  support  of  the  oreviously  proposed  direc¬ 
tional  repulsion  effects. 
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The  sample  of  CIF^O  used  for  this  study  was  prepared  by  low-terriperature  fluori-  - 

nation  of  CIONO^  using  a  previously  described  niethod.  The  sample  was  purified 

by  fractional  condensation,  followed  by  complexing  with  KF  and  controlled  vacuum 

pyrolysis  of  the  resulting  KCIF.O  adduct,^  The  product  showed  no  impurities  | 

^  1-4 

detectable  by  vibrational  and  Nl-IR  spectroscopy  and  was  handled  exclusively 
in  well  passivated  (with  CIF^)  Teflon-stainless  steel  equipment. 

The  electron  dif fraC:  ion  intensities  were  recorded  with  a  Balzer  Diffracto-  I 

Q  '■ 

graph  KD-G2  at  two  camera  distances  (50  and  25  cm)  and  an  accelerating  voltage 

of  about  60  KV.  The  nozzle  temperature  was  10°C  and  the  sample  was  kept  at 

-35  C.  The  camera  pressure  never  exceeded  1.10  Torr  during  the  expen' ment . 

(Throughout  this  paper  1  R  =  100  pm,  1  Torr  =  101.325/760  kPa).  The  electron  i 

wavelength  was  determined  from  ZnO  diffraction  patterns.  An  s  -  range  (s  - 

(4  tt/X)  sin  9/2,  X.  .electron  wavelength,  9. .  scattering  angle)  of  1.4  -  17  8“"* 

and  8  -  35  8' \  for  the  two  camera  distances,  was  covered  in  the  experiment. 

For  each  camera  distance  two  plates  were  selected  and  the  intensity  data  were 
evaluated  in  the  usual  way^.  The  averaged  molecular  intensities  were  measured  j 

in  steps  of  As  *  0. 2  8  \ 

Results  and  Siscussion 

Structure  Analysis.  The  observed  molecular  intensities  are  given  in  Figure  1.  A 

preliminary  geometric  model  was  derived  from  the  radial  distribution  function 

(Figure  2)  and  then  refined  by  a  least  squares  analysis  based  on  the  molecular 

g 

intensities.  A  diagonal  weight  matrix  was  used  and  theoretical  intensities 

were  calculated  with  the  scattering  amplitudes  and  phases  of  J.  Haase^^. 

The  only  geometric  constraint  was  an  assumed  symmetry.  The  ratios  between 

the  vibrational  amplitudes  of  the  bonded  distances  and  of  some  nnn-bonded 

distances  were  constrained  to  the  spectroscopic  values  (see  Table  1). 

Parallel  vibrational  amplitudes  and  harmonic  vibrational  corrections  Lr  = 

r,  -  r  (Table  1)  were  calculated  from  the  force  field  of  Reference  3  with  the 
a  a  1 ; 

program  NGRCOR  .  Two  correlation  coefficients  had  values  larger  than 
0.5:[  ):F  CIF  V^F  CIO]  =  0.88  and  [l(bcnded)/l(F  ..F  )]  =  0.61.  The  results 

d  B  d  da 
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of  the  least  squares  analysis  are  sumnarized  in  Table  1.  Estimated  uncertainties 
are  3o  values  and  a  possible  scale  error  of  0.1%  is  included  for  bonded  distances. 

Ab  initio  Calculations:  The  molecular  wave  function  at  the  experimental  aeometrv 
was  calculated  with  the  program  TEXAS  .  For  second  row  atoms,  4-21  basis  sets 
and  for  chlorine  a  3-3-21  basis  set^^,  supplemented  by  d  functions^^,  was  used. 

The  position  of  the  chlorine  lone  electron  pair  (Figure  3)  was  obtained  by  trans- 
formation  to  localized  orbitals,  using  Boys'  criterion  .  Atomic  net  charges 
and  overlap  populations  (Table  2)  were  derived  by  a  Mulliken  population  analysis^^ 

Molecular  Structure  of  CIF^Q:  Chlorine  trifluoride  oxide  is  a  distorted  tri¬ 
gonal  bi pyrami dal  molecule  with  three  different  ligands  in  the  equatorial  plane: 
a  single  bond,  a  double  bond  and  a  lone  valence  electron  pair.  The  angles 
(Figure  3)  between  the  axial  bonds  and  the  double  bond  are  larger  (by  about  7°) 
than  the  angles  between  the  axial  bonds  and  the  single  bond  or  the  lone 
electron  pair,  i.e.  the  axial  fluorine  atoms  are  bent  away  from  the  double 
bond  into  the  sector  between  the  single  bond  and  the  lone  electron  pair.  This 
demonstrates  that  in  the  axial  direction  the  steric  repulsion  of  the  double 
bond  is  larger  than  the  repulsion  from  either  the  lone  pair  or  the  single  bond. 

The  angles  in  the  equatorial  plane,  however,  indicate  that  in  the  equitorial 
direction  the  repulsion  by  the  lone  pair  is  largest,  followed  by  the  double 
bond,  with  the  single  bond  being  smaTlest.  This  directional  repulsion  effect 
of  double  bonds  which  has  been  pointed  out  previously  ,  correlates  well  with 
the  different  population  of  the  II  bond  orbitals  in  the  axial  and  the  equatorial 
plane^^.  For  CIF^O,  these  populations  (Table  2)  are  almost  equal. 

The  observed  bond  distances  (Cl  =  0  1.4058,  Cl-F^  1.603  8,  Cl-F^^  1.713  8) 
agree  well  with  previous  estimates  (Cl  -  0  1.42  8,  Cl-F  1.62  8,  Cl-F  1.72  8)^ 

6  3  X 

derived  from  the  observed  vibrational  spectra  and  a  comparison  with  related 

molecules.  They  confirm  the  conclusions,  previously  reached  from  the  results 

of  a  normal  coordinate  analysis,^  that  the  chlorine-oxygen  bond  has  double  bond 

character  and  that  the  axial  Cl-F  bond  is  significantly  weaker  than  the  equatorial 

one.  These  results  support  a  previously  outlined  bonding  scheme  assuming  mainly 
2 

sp  hybridization  for  the  oonding  of  the  three  equatorial  ligands  -CIF,  CIO  c 
bond,  and  free  valence  electron  pair)  and  the  use  of  a  chlorine  p  orbital  for 
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the  bonding  of  the  two  axial  fluorines  by  means  of  a  semi-ionic  three  center- 
4  electron  bond  pair.^*^*"'® 

A  comparison  of  the  bond  lengths  in  CIF^O  with  those  in  closely  related 

molecules  (see  Table  3)  also  correlates  well  with  the  conclusions  previously 

^  7 

derived  from  force  field  computations.  *  *  These  computations  had  shown  that, 

if  the  bonds  are  separated  according  to  the  two  possible  types  (i.e.  mainly 

covalent  and  mainly  semi-ionic  3c-4e),  the  bond  strength  within  each  type 

increases  with  increasing  formal  oxidation  state  of  the  central  atom  and 

decreases  with  increasing  oxygen  substitution.  The  first  effect  is  due  to  an 

increase  in  the  effective  electronegativity  of  the  central  atom  with  increasing 

oxidation  state.  This  increase  causes  the  electronegativities  of  the  central 

atom  and  the  ligands  to  become  more  similar  and  therefore  the  bonds  to  become 

more  covalent.  The  second  effect  is  caused  by  oxygen  being  less  electronegative 

than  fluorine  thereby  releasing  electron  density  to  the  molecule  and  increasing 

7  18 

the  ionicity  of  the  Cl-F  bonds.  ’  Although  the  previous  force  field  computa¬ 
tions  clearly  reflected  these  trends,  the  uncertainties  in  force  constants, 
obtained  from  an  underdetermined  force  field,  were  rather  large  and  certainly 
are  not  as  precise  as  the  more  reliable  bond  length  imeasurements  from  this 
study. 
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Diagram  Caotions 


Pig.  1:  Experimental  (ooo)  and  calculated  (- 
intensities  and  differences. 


')  molecular 


Fig.  2:  Experimental  radial  distribution  function  and 
difference  curve. 

Fig.  3:  Bond  angles  in  axial  (a)  and  equatorial  (b;  directions. 
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APPENDIX  I 


Evidence  for  the  Evdjli.';''*  ri  Directional  Repuliion  Effecti 
by  Lone  Valence  Electron  Pairs  and  t  Bonds  in 
Trigonal-Bipyraitiidal  Molecules 

Sir; 

The  Gillespic-Nyliolm  valence-shell  electron-pair-repulsion 
(VSEPR)  theory'  ^  is  very  useful  for  explaining  the  basic 
structural  features  of  many  classes  of  inorganic  compounds. 
The  theory  assumes  that  the  geometry  around  a  given  central 
atom  is  determined  by  the  number  of  electron  pairs  in  its 
valence  shell  which  are  arranged  as  "points-on-a-sphere"  in 
a  manner  to  minimize  the  mutual  repulsion  energy,  The  finer 
details  of  the  structure  are  predicted  by  assuming  lone  or 
nonbonding  electron  pairs  to  be  more  repulsive  than  single 
bonds,  with  double  bonds  being  almost  as  repulsive  as  the  lone 
pairs.  Since  the  valence  electron  pairs  arc  treated  as  points, 
their  repulsive  effect  is  assumed  to  be  directionally  inde¬ 
pendent.  This  approximation  holds  well  for  highly  symmetric 
molecules  such  as  octahedrons  or  tetrahedrons  and  for  valence 
electron  pairs  which  are  cylindrically  symmetric  with  respect 
to  their  axes.  However,  if  a  molecule  possesses  a  structure 
of  lower  symmetry  such  as  a  trigonal  bipyramid  and  if  the 
valence  electron  pair  is  not  cylindrically  symmetric  such  as 
the  r  bonds  of  double  bonds,  directional  repulsion  effects  can 
be  expected  which  should  depend  on  the  nature  of  the  orbiul 
and  its  electron  density  distribution. 

Contrary  to  the  ligands  in  a  tetrahedron  or  octahedron,  those 
in  a  trigonal-bipyramidal  molecule,  when  arranged  as  being 
equidistant  from  each  other,  are  no  longer  on  the  surface  of 
a  sphere  and  become  nonequivalent.  The  two  axial  ligands 
have  a  greater  (ideally  by  a  factor  of  2'^^)  central  atom-ligand 
bond  length  than  the  three  equatorial  ligands.  Consequently, 
an  equatorial  ligand  possesses  two  nonequivalent  pairs  of 
neighbors,  one  axial  one  of  greater  bond  length  and  ideally 
at  90°  angles  and  one  equatorial  one  of  shorter  bond  length 
and  ideally  at  120°  angles. 

In  this  correspondence,  two  cases  are  presented  which  a,c 
strong  evidence  for  the  existence  of  directional  repulsion  effects 
in  trigonai-bipyramidal  molecules.  These  two  ca'es  are  (i)  a 
comparison  of  the  structures  of  SF4’'*  and  X—SF,  (where  X 
is  O  or  Crl;)-'  '°  and  (ii)  the  structure  of  ClFjO."  In  the  first 
case,  the  relative  repulsion  of  the  axial  and  of  the  equatorial 
fluorine  ligands  by  either  the  r  bonds  of  a  double  bond  or  a 
free  valence  electron  pair  is  compared,  whereas  in  the  second 
Case,  the  combined  effect  of  a  lone  pair  and  of  a  doubly  bonded 
oxygen  is  described. 
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For  a  meaningful  comparison,  we  must  first  establish  the 
relative  repulsive  strength  of  a  lone  valence  electron  pair  and 
of  a  doubly  bonded  oxygen  in  the  absence  of  directional  effects. 
Inspection  of  the  known  structures  of  IF;'*  and  IFjO'^  and 
of  XeOF;* 


shows  that  in  these  pscudooctahedral  molecules  the  repulsive 
strengths  of  a  lone  valence  electron  pair  and  of  a  dr  ibly  bonded 
oxygen  are  very  similar  and  that,  as  demonstrated  for  XcOF., 
the  oxygen  can  be  even  slightly  more  repulsive  than  a  free 
valence  electron  pair.  In  the  pseudoteirahcdral  moleculcv  PF, 
and  PFjO,’  the  free  valence  electron  pair  appear.s  ',o  be 
somewhat  more  repulsive  than  oxygen: 


The  above  examples  show  that,  for  practical  purposes,  the 
nondirectional  repulsive  strengths  of  a  free  valence  electron 
pair  and  of  a  doubly  bonded  oxygen  are  comparable.  For  a 
more  precise  comparison,  effects  such  as  changes  in  the  oxi¬ 
dation  Slate  of  the  central  atom  or  in  the  hybridization  of  the 
orbitals  should  be  eliminated.  This  is  best  achieved  by  selecting 
a  compound  such  as  XeOF.  containing  both  a  free  valence 
electron  pair  and  doubly  bonded  oxygen  at  the  same  time.  In 
this  manner,  their  relative  repulsive  strengths  can  be  compared 
under  identical  conditions. 

Returning  to  the  less  symmethc  case  of  trigonal-bipyramidal 
molecules,  let  us  consider  Ihe  structures  of  SF.,  0=SF4,  and 
H:C=SF4; 


As  recently  pointed  cut  by  Oberhammer  and  Boggs,°  ihe  FSF 
bond  angles  are  surprisingly  different  in  these  molecuies  bui 
could  be  well  duplicated  by  ab  initio  MO  calculations.  These 
calculations  showed  that  the  observed  differences  in  the 


structures  of  0=SF.  and  H;C=SF4  can  be  satisfactorily 
explained  by  the  different  populaiion  of  the  X«S  r-bond 
orbitals  in  the  equatorial  and  the  axial  plane  (OSF,.  *•„,  =  0  “ 


au.  T,,  =  0. 1 2  au;  H;C=SF.,  ir„  =  0.23  au,  ir„  =  0,02  au). 
The  comparatively  small  Fe^SF,,  bond  angle  of  SF,  can  be 


rationalized  in  the  following  manner.  .A  lore  electron  pair  can 


be  delocalized  rather  easily,  as  .‘hown,  for  example,  by  the 
structure  of  BrF(,  '  as  opposed  to  that  of  IF.  Although 
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in  boin  ions  the  central  atom  possesses  a  lone  valence  electron 
pair,  the  size  of  bromine  permits  only  a  maximum  coordination 
number  of  6  (toward  fluorine)  and  the  lone  pair  in  BrFj"  is 
sterically  inactive  and  ccntrosymmetric.  In  IFt",  the  larger 
central  atom  can  readily  accept  seven  or  eight  ligands,  as 
demonsir.nted  by  the  existence  of  IF,  and  IFj'.'’'*  and, 
therefore,  the  lore  valence  electron  pair  becomes  sterically 
active  and  acts  as  a  ligand.  On  the  assumption  of  a  similar 
ease  of  delocalization  of  the  free  valence  electron  pair  in 
trigonal'bipyramidal  arrangements,  a  free  valence  electron  pair 
c.in  then  be  expected  to  possess  little  directional  repulsive 
selectivity  and  to  co!r.pre.ss  preferentially  the  most  compressible 
bond  angle.  In  an  idealized  SF,  structure,  the  120“  equatorial 
FSF  angle  obviou.s'y  .should  be  compressed  more  easily  than 
the  90“  angles  formed  between  the  axial  ligands  and  the 
fluorine  containing  equatorial  plane. 

On  the  other  hand,  the  r  orbitals  of  an  S— X  double  bond 
arc  more  localized  and  concentrated  between  the  sulfur  and 
the  X  atom  in  the  equatorial  and  the  axial  plane.s  of  the 
molecule.  Depending  on  the  relative  population  of  these  or- 
biLals.  prcfcrenlial  rcpulslor;  of  cither  the  axial  or  the  equatorial 
fluorines  is  possible  Thus,  the  "shape"  of  the  S=X  ir  bond 
is  responsible  for  the  preferred  direction  of  the  repulsion  effect 
and  must  be  considered  when  the  structure  of  an  unknown 
molecule  is  predicted. 

In  view-  of  these  directional  repulsion  effects,  the  change  in 
a  single  bond  angle  is  not  a  good  measure  for  the  overall 
repulsive  strength  of  a  ligand  or  a  free  valence  electron  pair. 
Since  the  repulsion  of  all  the  Other  ligands  must  be  considered, 
the  average  quadruple  angle'®  should  be  used  for  such  a 
comparison.  In  SF^,  OSF<,  and  H;CSF<,  these  average 
quadruple  angles  are  1 1 1  5,  1 10.3,  and  1 1 3.3“,  respectively, 
indicating  that  the  overall  repulsive  strengths  of  a  free  valence 
electron  pair  and  of  a  S“X  r  bond  are,  within  experimental 

';6j  K  U  C  hfiste. ,  1 1,  ;  2 1 5  i :  9"^ ) 
i:’j  C  J  Aiarrts.  Inorg  Chem  10,  831 
■IS;  F  Seel  :nd  M  PiT.pl  J  TWirtr  10.  4  i  3  i 


error,  quite  similar  but  that  they  strongly  differ  in  their  di¬ 
rections. 

Since  the  molecular  structure  of  SF4O  has  not  yet  been 
established  beyond  doubt  (four  models  have  been  proposed  on 
the  basis  of  an  electron  diffraction  study)’  and  since  one  might 
argue  that  secondary  effects  such  as  the  difference  in  the 
oxidation  state  of  the  sulfur  central  atom  might  be  of  im¬ 
portance.  the  structural  study  of  a  trigonal-bipyramidal 
molecu'e  containing  both  a  lone  valence  electron  pair  and  a 
doubly  bonded  oxygen  atom  was  important.  Such  a  molecule 
is  ClFjO.  the  structure  of  which  was  recently  established;" 


'.('P  \  iru 


The  fact  that  the  axial  fluorine  atoms  arc  rcpciicd  more 
strongly  by  the  oxygen  ligand  than  by  the  Ic.nc  pair  Lonl’:rr:’i.', 
the  existence  of  directional  repulsion  effects  in  trigona'.-bipy- 
ramidal  molecules  and  supports  the  conclusions  reached  from 
the  comparison  of  the  SF4,  OSF4,  H^CSF^  scries. 

In  summary,  in  trigonal-bipyramidal  molecules,  cyljndrically 
nonsymmetric  valence  electron  pairs  can  result  in  directional 
repulsion  effects  These  effects  can  be  rather  pronounced  and 
cannot  be  accounted  for  by  simple  VSEPR  theory.'  ' 
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Abstract 


The  infrared  spectra  of  FCIO,  in  Ne ,  N  ,  and  Ar  matrices  were  recorded 

35  37  ^  ^ 

and  the  Cl  -  Cl  Isotopic  shifts  were  measured.  The  Coriolis  constants  of 
the  £-species  vibrations  were  redetermined  and  together  with  the  isotopic 
data  used  for  the  computation  of  a  general  valence  force  field.  Tlie  Aj  block, 
for  which  only  isotopic  frequencies  are  available,  was  fixed  with  the  help 


of  ab  initio  force  constant  calculations, 
best  described  as  an  antisymmetric  and  a 


It  is  shown  that  V 

2 

symmetric  combination 


and  are 
resnect i ve 1 y , 


of  the  CIF  stretching  and  the  ClO^  bending  motions.  Comparison  with  13  pre¬ 
viously  published  force  fields  derxjns t rates  the  inadequacy  of  underdeterri ned 


force  fields  for  strongly  coupled  systems,  such  as  FCIO^.  The  CIO  and  CIF 
stretching  force  constants  were  found  to  be  9.76  and  3.^9  mdyn/8,  respective¬ 


ly,  in  good  agreement  with  those  expected  for  a  mainly  covalent  Cl-F  single 
and  C 1 =0  double  bonds. 


I n  t  roduct i on 

During  a  normal  coordinate  analysis  of  the  fluorine  perchlorate,  FOCIO,, 

1  ^ 
molecule  we  became  interested  in  the  force  field  of  the  closely  related 

perchloryl  fluoride,  FClO-,  molecule.  Although  FClO,  is  a  well  known  and 

J  '  2-lk-’ 

important  molecule,  and  at  least  13  force  fields  have  previously  been 
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publlshed  for  it,  comparison  of  the  literature  data  revealed  large  discre¬ 
pancies.  Furthermore,  for  most  of  these  computations  estimated  structural 

parameters  had  been  used.  Since  the  structure  of  FCIO.  has  been  well  established 

6  ^  . 

by  electron  diffraction  data  and  since  for  similar  molecules  a  combination  of 

isotopic  frequencies  and  Coriolis  constants  have  been  shown  to  result  in  well 
defined  general  valence  force  fields, it  was  interesting  to  apply  this 
approach  to  FCIO,.  Further  Interest  was  added  to  the  problem  by  the  fact  that 
In  several  studies^’  ’  FClO^  had  been  used  as  a  model  compound  to  test 

the  quality  of  approximate  force  fields.  An  evaluation  of  the  merits  of  the 
different  approximating  methods,  however,  requires  the  knowledge  of  a  relia¬ 
ble  general  valence  force  field.  Finally,  based  on  the  results  of  a  normal 

q 

coordinate  analysis,  Cans  pointed  out  that  two  possible  assignments  (715  and 
5^9  cm  ')  exist  in  the  Aj  block  for  the  Cl-F  stretching  mode  and  that,  as 
a  result,  and  might  be  mixtures  of  Cl-F  stretching  and  angle  deform.ati  ons . 
The  purpose  of  this  study  was  to  clarify  some  of  these  aspects  and  to  obtain  a 
better  understanding  of  the  force  field  of  this  interesting  molecule. 

Experimental 

Perchloryl  fluoride  (Pennsalt)  was  handled  in  a  passivated  stainless 
steel  -  Teflon  FEP  vacuum  system  and  purified  prior  to  use  by  fractional 
condensation.  Infrared  spectra  of  the  gas  were  recorded  using  a  5  cm  path- 
length  Teflon  cell  with  Csl  windows.  The  infrared  spectra  of  mat r i x- i sol ated 
FClO^  were  obtained  at  v.'i  th  an  Air  Products  Model  DE  202  S  helium  refrig¬ 
erator  equipped  with  Csl  windows.  Research  grade  Me,  and  Ar  (Matheson)  were 
used  as  matrix  materials  in  a  mole  ratio  of  1000:1.  The  infrared  spectra  were 
recorded  on  a  Perkin  Elmer  Model  283  spectrophotometer  calibrated  by  comparison 

with  standard  gas  calibration  points. The  reported  frequencies  and  Isotopic 

+  +  - 1 

shifts  are  oelieved  to  be  accurate  to  -  2  and  -  0.1  cm  ,  respectively. 


Results  and  Discussion 


Since  the  infrared  and  Raman  spectra  and  the  assignments  of  FCIO,  are 

10  20-2'^  .  ^ 
well  established,  '  ■'  only  the  infrared  matrix  isolation  spectra  were 
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recorded  for  the  determination  of  the^^  Cl  isotopic  shifts.  These 

spectra  were  obtained  at  6°K  using  three  different  matrix  materials,  Ne ,  , 

and  Ar,  at  a  MR  of  lOOO.  The  observed  spectra,  frequencies  and  assignments 
are  shown  in  Figure  1  and  Table  I.  As  expected  for  a  five  atomic  molecule  of 

symmetry  C,  ,  FClO,  exhibits  a  total  of  6  fundamental  vibrations  classified  as 

3'^  3  26  27 

3A,+3E.  By  analogy  with  the  similar  halogen  fluorides,  BrF  ,  BrF  0  and 

28  ^  ' 

FBr02  ,  neon  matrices  exhibited  the  least  matrix  site  effect  splittings  and 

showed  frequencies  closest  to  those  of  the  gas  phase  values.  The  additional 

splittings  observed  for  the  and  the  Ar  matrices  are  attributed  to  matrix 

s  i  te  effects . 


A  general  valence  force  field  was  computed  for  FClO-  using  a  previously 
29  ^ 

described  machine  method  .  The  frequency  values  were  taken  from  previous 

10  21  22  2k  25  35 

gas  phase  measurements  ’*■  ’  ’  ’  ^  and  are  summarized  in  Table  1.  The 

Cl-^^Cl  isotopic  shifts  were  taken  from  the  present  matrix  work  except  for 

22 

V-  and  V.  which  were  more  accurately  determined  by  a  previous  high  resolu* 

3  5 

tion  gas  phase  infrared  study  (see  Table  1).  Anharmonlc  frequencies  were  used 
for  the  force  field  computations  because  sufficient  experimental  data  for  an- 
harmonicity  corrections  were  not  available.  Since  the  relative  signs  of  the 
symmetry  coordinates  are  critical  for  the  computation  of  the  Coriolis  constants, 
the  symmetry  coordinates  have  been  surtmarlzed  in  Table  II.  The  following  internal 
coordinates  and  the  geometry,  deterrriined  by  an  electron  diffraction  study, 


were  used: 


100.8 


As  it  was  clear  from  the  beginning,  that  the  measured  Isotopic  splittings 
would  not  suffice  to  determine  the  A^  block  force  constants  unequivocally, 
ab  initio  force  constant  calculations  were  performed  too,  using  the  force 
method^*^,  a  lt-2lG  basis  set^'  for  F  and  0  and  a  3-3-21  basis  set^^  for  the 

33 

chlorine  atom,  which  was  augmented  by  one  d  function  with  exponent  0.6  , 
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when  it  was  realized,  that  the  pure  basis  did  not  reproduce  the  geometrical 
data  properly.  With  the  augmented  basis  set  for  Cl,  the  calculated  geometry 
(r^jP  I.628S,  1.^378,^0102116.57°!  KlOf  100.8°)  is  1 0  good  agreement 

with  the  experimental  values.  Table  ill  shows  the  results  of  the  ab  initio  force 
constant  calculations  (set  l).  The  usual^^  deviation  of  the  diagonal  force 
constants  was  remedied  by  a  subsequent  iteration  using  the  measured  frequencies 
(set  II  In  Table  Ml). 

37 

E- Block  force  Field.  The  Cl  isotope  can  provide  Only  two  new  indepen¬ 
dent  frequencies,  due  to  the  product  rule.  Consequently,  the  fact  that  the 
isotopic  spiitting  for  could  not  be  measured.  Is  unimportant.  Similarly, 
the  Coriolis  constants  can  provide  two  additional  independent  data  points 
since  they  are  related  by  the  sum  rule,C^+  C^=2B/A.  Again,  the  fact  that 
one  Coriolis  constant  could  not  be  measured,  does  not  decrease  the  number  of 
available  independent  data  points.  Thus,  there  were  a  total  of  seven  pieces 
of  Independent  data  available  to  determine  six  force  constants.  The  least 
squares  computer  code,  used  for  our  force  field  computations,  did  not  converge 
when  the  observed  frequencies  and  the  previously  reported  Coriolis  C  constant 
values^’ were  used  as  input  data.  Consequently,  this  code  was  used  to  com¬ 
pute  five  symmetry  force  constants  and  the  Coriolis  constants  as  a  function  of 
the  sixth  constant,  requiring  an  exact  fit  of  the  five  observed  frequen¬ 

cies.  The  resulting  range  of  solutions  is  shown  in  Figure  2. 

Since  neither  of  the  two  previously  published  Sets  of  Coriolis 

constants  (see  Table  IV  )  resulted  in  a  unique  force  field  solution  (see  Figure  2), 
the  Coriolis  constants  were  reexamined.  This  examination  revealed  severe  short¬ 
comings  for  both  sets.  The  set  calculated  from  Raman  gas  phase  band  contours, 
although  quoted  with  the  smaller  uncertainties,  is  effectively  useless  because 
the  Raman  band  contours  are  a  function  of  both  the  Coriolis  constants  ^  and 
the  ratio  6  of  the  relative  intensities  between  the  set  of  transitions  in  J 
with  AK=-1  and  the  same  transition  in  J  with  AK=-2.  Since  the  6  values  are 
unknow-n,  reliable  C  values  cannot  be  obtained  in  this  manner. 

The  other  set  of  Coriolis  constants  was  calculated^  from  infrared  gas- 

phase  band  contours.  For  the  determination  of  Qr  The  accurately  known  Q 

- 1  22  ^  B  0  1 5  8 1 

branch  spacing  of  (0.1581  cm  )  was  used  according  to  *  ~~~2^ — 
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where  A  and  S  are  the  reduced  ao!i>€nts  of  inertia.  At  the  tt»»  ot  the  original 

5  22  30 

computation  of  an  experimental  value  was  available  ’  only  for  B,  but 

A  had  to  be  estimated.  Reevaluation  of  with  A  and  B  values  of  0,1846  and 
-  1  ^ 

0.1764  cm  ,  respectively,  deduced  from  the  electron  diffraction  structural 
data,^  resulted  in  a  revised  value  for  of  -0.384*  0.008,  assuming  one 
percent  uncertainties  for  both  the  value  of  A  and  the  value  of  the  Q  branch 
spacing.  The  values  of  A  and  B  computed  from  the  published  electron  diffraction 
data^  are  considered  to  be  more  precise  than  -  one  percent  in  view  of  the  0.64% 
deviation  between  our  value  of  B  (0.1764  ca”^E5292  Mc/sec)  and  that  of  52S8.682- 
0.005  Mc/sec  obtained  by  microwave  spectroscopy. 

The  previously  reported^  value  of  C ^  had  been  computed  from  an  estimated 

geometry  and  the  PR  branch  separation  of  v,  which  was  obtained  by  doubling  the 

°  21 
QR  branch  separation  observed  in  the  low  resolution  work  of  Lide  and  Mann  . 

A  reexamination  of  the  complete  infrared  band  contour  at  30^C  resulted  in 

a  P-R  branch  separation  of  20.5-  1.0  cm  \  which  in  turn  resulted  in  ^.=0.32- 

31*34  ° 

O.OS  using  previously  reported  graphic  interpolation  methods. 


Determination  of  from  the  infrared  band  contour  of  was  not  possible 
due  to  interference  from  the  strong  Q  branches  of  the^  Cl  and  Cl  isotopic 
species  and  from  the  (  v 2^  ^  combination  band.  Therefore.  C4  was  determined 
from  the  known  values  and  the  sum  rule  5*  C 

found  to  be  0.54-0.05. 


This  revised  set  of  Coriolis  constants  differs  significantly  from  those 
reported  previously^'^ (see  Table  IV).  As  can  be  seen  from  Figure  2.  it 
results  in  a  single  set  of  force  constants,  thus  lending  credibility  to  the 
force  field  chosen.  The  numerical  values  of  the  resulting  force  constants 
are  summarized  in  Tables  lit  and  V  and  Figure  2  with  uncertainties  derived  from  the 
uncertainty  limit  of  Cj- 


Ri;RD81-'iO 

J-5 


There  is  an  excellent  agreer-ent  ©f  this  experimentally  derived  force 
field  with  the  ab  initio  results  (see  Table  III). 


This  E  block  force  field  appears  entirely  plausible.  All  the  off“dlagonal 
symmetry  force  constants  have  relatively  small  values,  and  the  potential  energy 
distribution  (see  Table  1 1  I )shows  the  fundamentals  to  be  highly  characteristic 
(70-98^).  They  are  well  described  as  an  antisymmetric  CIO^  stretch,  an 
antisymmetric  ClO^  deformation  and  a  CIO^  rocking  mode.  Figure  2  also  demon¬ 
strates  that  the  general  valence  force  ''ield  Is  approximately  an  extremal  solu¬ 


tion  wi  th  F; 


being  a  maximum  and  and 


being  close  to  their  minima. 


A^-3lock  Force  Field.  For  the  block,  the  product  rule  reduces  the  six 
vibrational  frequencies  to  five  I, -dependent  pieces  of  data.  Therefore,  a  unique 
force  field  cannot  be  determined.  Thus,  we  had  to  rely  mainly  on  the  ab  initio 
calculations  (see  Table  III),  which,  liowever,  do  not  reprodu-e  the  vibrational 
frequencies  V2  and  even  after  iteration  of  the  diagonal  terms.  This  is  due 

to  the  small  value  of  F  .  We  have  computed  the  five  reaminlng  symmetry  force 

^  J  +  - 1 

constants  as  a  function  of  F^^,  requiring  an  exact  (-0.05  cm  )  fit  of  the 

observed  frequencies  and  chlorine  isotopic  shifts.  The  results  from  this  com¬ 
putation  are  displayed  In  Figure  3- 


Its  inspection  allows  the  following  conclusions:  (1)  must  be  posi¬ 
tive  and  must  have  a  value  of  at  least  0.57  mdyn/rad.  The  ab  initio  value 
(O.kSl  mdyn/rad.)  is  definitely  below  the  range  of  real  solutions.  (ii)  At 
F^3=min.  and  V3  are  complete  mixtures  of  the  syirmetry  coordinates  (CIF 
stretching)  and  $3(0103  del  orm.at  i  on)  with  being  an  antisymmetric  and  V3 
a  symmetric  combination  of  them.  (iiil  Except  for  a  very  small  range  close' 
to  Fj2  F|3  being  zero  and  to  F23=min.,  and  FJ3  must  have  the  same 

sign  with  ^12^^13'  increasing  positive  values  of  F^^  and  contri¬ 

bution  of  S  to  V  and  of  S.  to  'v.  increase  and  for  Increasing  negative  values 
j  2  i  3n 

these  assignments  become  reversed  ^  (iv)  The  diagonal  terms  of  the  force  con¬ 
stant  matrix  have  their  extremal  values  (F,  =max.,  F^^=min.,  F,,=mln.)  close 
to  the  minimum  of  F^3,  In  this  range,  large  changes  in  the  values  of  F^^ 
and  F^3  will  be  of  minor  influence  on  the  diagonal  force  constants.  Though 
for  the  Aj  block  the  ab  initio  force  constants  do  not  fulfill  these  require¬ 
ments  exactly  (^23  outside  the  range  of  real  solutions  and  the  difference 
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between  (O.  IS^  mdyn/S)  and  F^^  mdyn/rad)  is  too  large),  they  may  be 

used  to  fix  the  force  ‘’'eld  within  narrow  limits,  provided  their  sign  and 
order  of  magnitude  is  correct,  which  was  proven  for  many  examples  (e.g. 

Thus,  the  ab  ’nitio  value  of  Fj^  may  be  regarded  as  an  upper  limit,  the  value 
of  F^^  as  a  lower  one,  while  F^^  is  close  to  the  minimum  value.  F^^  exhibits 
the  largest  uncertainty.  Its  lower  limit  is  given  by  the  ab  initio  value  (0) 
and  its  upper  limit  by  the  value  for  F^^*  "fhe  force  field  derived  in  this 
way  with  an  optimal  adaption  to  the  experimental  data  is  given  in  Table  III 
as  set  111. 


The  strong  mi>ing  of  the  symmetry  Coordinates  and  in  and  can 
be  easily  rationalized.  If  the  three  oxygen  atoms  are  treated  as  one  center 
of  mass  X,  then  che  symmetric  CIO^  deformation  mode  corresponds  to  a  stretch¬ 
ing  of  the  hypothetical  Cl-X  bond.  Since  Such  a  hypothetical  F-Cl-X  molecule 
is  linear,  the  F-C1  and  Cl-X  stretching  motions  should  be  strongly  coupled 
and,  therefore,  result  in  an  antisymmetric  and  a  synmetfic  F-Cl-X  stretch. 

Compar i son  wi th  Previous  Force  Fields.  Table  V  gives  a  comparison  of 
our  force  field  with  those  previously  reported.  In  most  cases,  an  exact  com¬ 
parison  of  the  bend-bend  and  stretch*bend  force  constants  is  difficult  because 
for  most  of  the  previous  force  fields  all  force  constants  were  given  in  units 
of  mdyn/S  and  the  authors  were  not  specific  which  bond  1 engths  ( r ,  R  or  possible 
combinations)  were  used  for  their  normalization  procedures.  For  a  comparison 
with  our  force  field,  approximate  values  of  the  previously  reported  all  mdy 

force  fields  can  be  obtained  by  multiplying  F  and  F,.  by  rR,  F  by  R  or 

2  d J  \  i 

/rR,  F,,  and  F,  ^  by  r  or  v^Tr,  F  y  r  or  rR,  F,,  by  /rR,  and  F  ,  by  rR  or 
ij  ly  23  Rp  pp  Rb  pb 

-  ^  ^  Furthermore,  most  of  the  previously  published  force  fields  were 


computer  with  estimated  geometries  or  Inaccurate  Coriolis  constants.  Conse¬ 
quently,  an  objective  evaluation  of  the  merits  of  the  individual  approximating 
methods  is  difficult  and  was  not  undertaken. 


General  Comments.  We  would  like  to  point  out  the  wide  range  of  force 

constant  values  previously  published  for  FClO..  which  tully  supports  tie  pre- 

9  ^ 

vious  critical  statements^  by  Cans  concerning  the  questionable  value  of  force 
constant  calculations  from  insufficient  or  Inaccurante  data.  in  such  cases,  the 
computation  of  wide  solution  ranges  is  important  to  determine  the  range  of  possi¬ 
ble  plausible  solutions. 
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The  values  of  9.76  and  mdyn/X  obtained  for  the  C1"0  and  the  Cl-F 
stretching  force  constant,  respectively,  of  FCIO,  are  in  excellent  agreement, 
with  our  expectations  for  highly  covalent  Cl^O  double  and  Cl-F  single  bonds. 
Higher  C1"0  force  constants  have  only  been  observed  for  the  cations  CIF^O^^ 

(12.1  tndyn/^j^^  and  CIF^C*  (11.2  indyn/R)**^'  and  are  caused  by  their  foimal 
positive  charge.  Similarly,  CIF.^02  is  the  only  chlorine  oxyfluoride  species 
which  exhibit. s  a  higher  (4.46  mdyn/R)  CIF  stretching  force  constant.  This  can 
be  attributed  to  the  high  oxidation  state  of  chlorine  (■‘•VII)  and  the  energetically 
favorable  pseudo-tetrahedral  structure  of  FCIO^. 

The  results  of  the  present  study  arc  of  particular  interest  because  they 
demonstrate  that  arguments  concerning  the  assignment  of  certain  modes, 
capable  of  underroing  coupling,  can  be  rather  meaningless.  This  has  recently 
been  demonstrated'^'^  for  the  axial  and  the  equatorial  SF^  scissoring  modes 
in  SF^  and  is  now  further  substantiated  for  FCIO^.  Rather  than  resulting  in 
highly  characteristic  fundamentals , their  symmetry  coordinates  are  strongly 
mixed  and  the  fundamentals  correspond  to  an  antisymmetric  and  a  symmetric  combina¬ 
tion  of  the  corresponding  syrfumetry  coordinates 
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DiKgraft  Captions 

Figure  1.  Infrared  matrix  isolation  spectra  of  FCIO^  recorded  at  6®K  in  Ne, 
and  At  at  a  of  1000. 

Figure  2.  E*block  symmetry  force  constants  and  Coriolis  constants  of  FCIO^ 

plotted  as  a  function  of  F^j.  The  units  of  the  force  constants  are 
given  in  Table  1.  The  observed  Coriolis  constants  are  marked  by  * 
and  their  uncertainties  are  given  by  rectangles.  The  solid  and  the 
two  broken  lines  represent  the  general  valence  force  field  and  its 
uncertainties,  respectively,  derived  from  the  corresponding  values 
values. 

ngure  3.  -  block  syrnmetry  force  constants  of  FCIO^  plotted  as  a  function 
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TABLE  1 


Frequencies®  and  Isotopic  Shifts^  of  F^^CIO^ 


Species 

mode 

F^^C103 

frequency 
(cm“^ ) 

isotopic  shift 
(cm“^ ) 

1o63 

3 .  o5 

^2 

717 

lo.o 

"3 

55o 

0.89 

E 

1315 

15.8 

^6 

591 

3.o9 

^6 

4o5 

(a)  Frequencies  were  taken  from  the  gas  phase  values  of  refs 
1o,  21,  22,  24,  25 

(b)  Taken  from  this  study,  except  for  Av^  and  Av^  (from  ref.  22) 

(c)  Calculated  value.  Splitting  was  too  small  to  be  experimentally 
observable 
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TABLE  II  Synunetry  Coordinates  and  Symmetry  Force  Constants  for  FCIO^ 

1 


"i 

^ , 
■  ^ 


^2 

S* 


*kb 


'5b 

^6.' 

'6b 


0.6912  (B  ♦6  +6  )  -  0.3036(0  +a  -Hi  ) 
>21  >21 

0.3036  (6  ♦S  ♦B  )  ♦  0.6912(0  40  40  ) 
>21  >21 


(r  ♦r  -2r  )//B 

2  1  >_ 

(f  -r  )/  ^ 

1  2 

(a  40  -2a  )/}/o 

(  a  -a  )/A. 

(28  -8-6  )/^ 

(6  -8  )/A 

2  I 


*  redundant  coordinate 
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(c)  calculated  froi:;  assuming  a  one  percent  uncertainty  in  the  ratio  of  the  moments  of 

inertia  obtained  from  the  structure  determination  of  ref.  6 
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APPENDIX  K 


Das  Kraftfeld  von  SF^ 

The  Force  Field  of  SF4 
Wolfgang  Sawodny*  und  Karl  Birk 

Abteilung  fur  Anorganische  Chemie  dor  Universitat  tJlm,  Oberer  Eselsberg,  D-7900  Ulm 
Geza  Fogarasi 

Department  fur  Allgemeine  und  Anorganische  Chemie,  Ebtvos-Lorand-Universitat, 
H-i088  Budapest,  Ungam 

Karl  0.  Christe 

Rocketdyne,  A  Division  of  Rockwell  International,  Canoga  Park,  Calif.  91304,  USA 
Herm  Proj.  Dr.-lng.  Fritz  Seel  zum  65.  Qeburtstag  geividmet 
Z.  Naturforsch.  85b,  1137-1142  (1980);  eingegangen  am  9.  Mai  1980 
Force  Constanta 

As  it  proved  impossible,  to  compute  a  unique  and  meaningful  General  Valence  Force 
Field  for  SF4  from  the  known  ex^rimental  data,  this  was  realized  by  an  ab  initio  cal¬ 
culation  using  a  basis  set  of  3-3-21  Id  O  functions  for  the  S-,  and  4-21 G  functions  for 
the  F-atom.  The  values  of  the  stretching  force  constants  are  f  (S-Feq):  5.36  mdyn/A, 
f(S-F»x)  3.25  mdyn/A.  Problems  of  assignment  of  the  deformational  modes  could  be 
settled  conclusively. 


Obwohl  SF4  im  Grunde  eine  recht  einfache  Ver- 
bindung  darstellt,  birgt  seine  schwingungsspektro* 
skopische  Behandlung  eine  Fiille  von  Problemen. 
Dies  liegt  zum  einen  an  der  niedrigen  Symmetrie 
(C2v),  die  eine  eindeutige  Zuordnung  insbesondere 
der  Deformationsschwingungen  erschwert,  zum  an- 
deren  an  der  starken  Assoziation  in  fliissiger  Phase, 
die  fUr  eine  Untersuchung  des  ungestdrtcn  Molekiils 
lediglich  Spektren  in  Gasphase  oder  in  einer  Inert- 
gas-Matrix  zulaUt.  Hinzu  komrat,  daQ  die  Gewin- 
nung  zusatzlicher  spektroskopischer  Informationen 
durch  das  Vorliegen  eines  asymmetrischen  Kreisels 
und  die  beschrankten  Mdglichkeiten  einer  Isotopen- 
Substitution  sehr  begrenzt  ist.  In  einer  langen  Reihe 
von  Arbeiten  [1-13]  wurde  versucht,  wenigstens  die 
Zuordnung  der  Normalschwingungenzu  treffen, 
was  allerdings  erst  jiingst  [13]  mit  UiHe  aer  Daten 
fiir  ®^SF4  einigermaCen  zuverlassig  gelungen  ist. 
Hiermit  war  es  auch  moglich,  das  allgemeine  Va- 
lenzkraftfeld  (GVFF)  fiir  die  beiden  asymmetrischen 
Rassen  Bi  und  B2  festzulegen,  wahrend  die  4  Nor- 
malschwingungen  (und  damit  10  Kraftkonstanten) 
enthaltende  Rasse  Ai  mangels  ausreichender  Daten 
nur  naherungsweise  behandelt  werden  konnte.  Es 
soil  nun  der  Versuch  unternommen  werden,  unter 


•  Sonderdruckanforderungen  an  Dr.  W.  Sawodny. 
0340-5087/80/0900-1137/$  01.00/0 


Einbeziehung  der  bisher  unberiicksichtigt  gebliebe- 
nen,  abet  gemessenen  [12]  Zentrifugaldehnungs- 
konstanten  zu  einer  genaueren  Eingrenzung  des 
Kraftfeldes  auch  fiir  die  Ra.sse  A;  zu  kommen,  oder 
-  falls  dies  nicht  zum  Ziel  fiihrt  -  durch  ab  initio- 
Berechnung  der  Kraftkonstanten  eine  Losung  zu 
finden.  Durch  letzteres  kann  gleichzeitig  die  Zuord¬ 
nung  bestatigt  werden. 

Das  Kraltleld  ans  experlmentellen  Daten 

Die  Normalschwingungen  des  SF4  teilen  sich  nach 

4  Ax  -f- 1  A2  +  2  Bi  -4-  2  Bz  auf  die  Schwingungsras- 
sen  auf.  Die  Symmetrie-Koordinaten  wurden  wie 
in  [11]  gewahlt,  die  F-  und  G-Matrizen  nach  der 
Wilsonschen  Methode  abgeleitet.  Als  experimen- 
telle  GroBen  standcn  die  Schwingungsfrequenzen 
nach  [13]  (Werte  der  IR-Gasspektren;  32S-“S-Iso- 
topenverschiebungen  aus  Spektren  in  Ne-Matrix), 

5  Zentrifugaldehnungskonstanten  [12]  und  die  raitt- 
leren  Schwingungsamplituden  [14]  zur  Verfugung, 
letztere  wxirden  allerdings  nicht  in  die  Iteration 
einbezogen,  sondem  nachtraglich  berechnet. 

Die  Kraftfelder  der  Rassen  Bi  und  Bz  lassen  sich 
aus  den  Isotopendaten  ermitteln  und  ^vurden  aus 
[13]  ubemommen,  ebenso  FmCAz)  mit  dem  geschatz- 
ten  Frcquenzwert  von  vj  =  437  cm-i,  nachdem  die 
gleichzeitig  angestelltenot)  intlto-Rechnungen  (sieho 
unten)  dies  als  sinnvoll  bestatigten.  Fiir  die  10 
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Tab.  I.  Kraftfeld  fiir  SF4  aus  experimentellen  Daten  (Valenzkraftkonstanten  mdyn/A  = 
tionskonatanten  mdyn  A  »»  oJ,  Valenz/Doformationa-Weohselwirkungskonstanton  mdyn 

:  10®  Nm"‘.  DeForma- 

=  10  nN). 

[13] 

diese  Arbeit 

MeQdaten  [12, 13] 

Av  in  oni"i,  r  in  MHz 

Ai:  Fii  =  fr  fn. 

5,884 

6,044  ±  0,233 

F23  =  fa  -f  Fre 

3,467 

3,479  +  0,145 

^*33  —  0»99  -f*  0,01  fy  —  0,15  f^y 

F44  =  0,71  fy  -f-  0,29  (fa  faa  ■+■  4“  f^^«ai)  **l" 

1,414 

1,707  ±  0,093 

0,004  G  -1-  0,13  f»tf  -f  0,18  f.v  +  0,11  fflv 

0,863 

0,598  ±  0,023 

Fi2 

- 

—0,496  ±  0,799 

Fi3 

0,320 

0,311  ±  0,144 

Fi4 

0,300 

—0,012  ±  0,213 

F23 

0,100 

0,067  ±  0,126 

F24 

- 

0,092  ±  0,291 

F34 

0,4913 

—0,018  ±  0,092 

A3:  F55  —  fa  —  faa  —  f^aa  —  f^^aa 

1,673 

Bi:  Fe«  =  Fr  —  Frr 

2,821 

F77  =  fa  “j-  faa  —  f^aa  — 

1,673 

F«7 

0,630 

wie  [13] 

B,:  Fss  =  fr  —  Frr 

5,165 

F99  —  fa  ■ —  faa  4*  f^aot  —  f^^aa 

1,914 

Fa, 

0,700 

11.37 

11,8 

11,33  ±  0,05 

zlv. 

0,07 

0,8 

0 

^><3 

4,14 

2,8 

4,09  ±  0,06 

JV4 

0,08 

0,2 

— 

13,14 

13,13  ±  0,06 

dv. 

0,87 

— 

Jva 

10,63 

10,62  ±  0,06 

dv. 

2,48 

2,42  ±  0,1 

rxxxx 

—  10,7 

—  14,3  — 

16,2  ±  1,1 

Tyyyy 

—  6,0 

—  6,9  — 

7.8  ±  1,1 

Tint 

—  2,1 

-  3,2  - 

4»9  i  1|0 

Ti, 

—  14,0 

—  16,2  — 

14,7  ±  2,0 

Ta 

—  2,4 

—  2,4  - 

6,2  ±  1.6 

Kraftkonstanten  der  Rasse  Ai  bleiben  daim  neben 
den  4  Frequenzeii,  den  Isotopenaufspaltungen  fur 
vi  und  V3  (fiir  n  wurde  keine  beobachtet,  V4  nicht  ge- 
messen)  br-Werte  als  BestimmungsgrbOen  (wobei 
in  Ti  und  Ta  die  Anteile  der  Rassen  Aa,  Bi  und  Ba 
abgezogen  werden).  Das  Ergebnis  der  Iteration  fin- 
det  sich  in  Tab.  I.  Dio  groBcn  Standardabweichun- 
gen  zeigen,  daB  diese  Daten  zu  einer  vernunftigen 
Festlegung  dcs  Kraftfeldes  nicht  ausreichen,  alle 
Nichtdiagonalglieder  der  F-Matrix  auflenjiJJjgjjIglls 
Fi3  sind  letztlich  unbestimmt.  Es  ergibt  sich  ferner, 
daB  alle  r-Wcrte  auBer  Txxx*  und  Ti  wesentlich  zu 
klein  erhalten  werden,  und  dies  trifft  nicht  nur  fur 
das  in  Tab.  I  wiedergegcbene  Kraftfeld  zu,  sondern 
auch  fur  weitcrc,  die  wir  unter  Variation  dor  Zu- 
ordnung  der  Dcformationsschwingungen  gemaB  frii- 
herer  Vorschlage  [6,  7,  11]  gotestet  haben.  Weiter- 
hin  weist  das  bercchncte  Kraftfeld  fiir  Ai  gegen- 
iiber  dem  nur  aus  den  Isotopenverachiebungen  ab- 
geachiitzten  [13]  erhebliche  Diskrepanzen  auf,  die 


sich  auch  in  einer  unzureichenden  Wiedergabe  von' 
Jvs  auBem. 

a6-(n(r(o-Berechnung  der  Kraftkonstanten  fiir  SFt 

Da  sich  also  mit  den  derzeit  bekannten  experi- 
mentellen  Daten  das  Kraftfeld  des  SF4  in  der  Rasse 
Al  nicht  eindeutig  bestimmen  laBt,  sahen  wir  nur 
die  Moglichkeit,  durch  eine  ab  intlio-Berechnung 
weiterzukommen.  Zuerst  wurden  nur  s-  und  p- 
Funktionen  verwendet,  fiir  Schwefel  ein  3-3-21 G- 
Basissatz  nach  Hehre  und  Lathan  [15],  und  Skancke 
el  al.  [16],  fiir  Fluor  ein  4-21  G-Basissatz  nach  Pulay 
el  al.  [17].  Die  Berechnungen  wurden  nach  der 
Kraftemethode  von  Pulay  [18]  mit  Hilfe  des 
TEXAS-Programms  [19]  durchgefiihrt.  Analog  zu 
Oberhammer  und  Boggs  [20]  stellten  wir  mit  diesen 
Basissatzen  starke  Abweichungen  der  berechneten 
von  dcr  experimentellen  Geometrie  fest.  Entspre- 
chend  unterscheiden  sich  auch  die  fiir  diese  beiden 
Glcichgewichtslagen  erhaltenen  Kraftkonstantcn- 
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Tab.  U.  Durch  ob  tnth'o-Reohnung  erhaltene  Kraftfeldor  fur  SF4 
exp.  Daten  [13,  21]. 

(Dimensionen  wie  Tab.  I), 

Basissatz  S ; 

3-3-21  G 

3-3-21  G 

3-3-21 -f  Id  G 

F; 

4-21  a 

4-21  G 

4-21  G 

Ort: 

exp.  Geom. 

thoor.  Geom. 

exp.  Geom. 

Ai:Fu 

9,212 

6,059 

7,580 

F22 

6,049 

4,523 

4,886 

F33 

1,104 

0,739 

1,309 

F44 

1,125 

1,033 

1,233 

Fi2 

0,098 

0,584 

0,756 

Fi3 

0,041 

—  0,104 

0,073 

Fi4 

0,433 

0,438 

0,422 

F23 

0,066 

0,155 

—  0,034 

F24 

—0,176 

—0,033 

—  0,051 

F34 

0,483 

0,498 

0,513 

A2:  Fbs 

1,960 

1,966 

2,099 

Bi:  F** 

6,028 

3,888 

4,073 

F77 

2,237 

2,268 

2,413 

F«7 

0,668 

0,679 

0,784 

Ba:  Fas 

9,133 

6,136 

7,320 

Fm 

3,273 

2,147 

3,008 

Fas 

0,541 

0,625 

0,624 

VI  (dvi) 

892  (11,33) 

1124,90  (13,08) 

850,72  (10,36) 

1033,31  (13,03) 

V2  (dv2) 

568  (0) 

727,11  (0,0) 

708,71  (1,94) 

648,29  (0,03) 

V3  (zlv3) 

532  (4,09) 

647,26  (5,12) 

477,71  (2,91) 

569,31  (4,72) 

V4  (Z)V4) 

228  (-) 

223,72  (0,01) 

153,88  (0,0) 

248,50  (0,01) 

VS  (dvs) 

[437]  (-) 

472,23  (0,0) 

461,34  (0,0) 

489,94  (0,0) 

v*  (dvs) 

730  (13,13) 

982.52  (17.18) 

860,70  (14,67) 

874,61  (15,68) 

V7  (dV7) 

476  (-) 

650,80  (1,30) 

616,14  (1,19) 

571,11  (1,08) 

Vg  (dvg) 

867  (10,62) 

1184,66  (15,69) 

976,78  (12,84) 

1054,18  (13,79) 

Vg  (^Vg) 

353  (2,42) 

458,68  (2,76) 

372,86  (2,14) 

440,62  (2,68) 

mit  obigen  Basissatzen  berechnet ; 

r  (A) 

1,546 

1,628 

1,559 

R  (A) 

1,046 

1,694 

1,631 

p  n 

101,6'’ 

IIO.O® 

102,2® 

y  n 

173,r 

161,4'’ 

169,7® 

satze  (Tab.  II)  erheblich  voneinander.  Oberham- 
mer  und  Boggs  [20]  zcigten,  daB  sich  die  Diskrepan- 
zen  bezuglich  der  Geometrie  durch  Einbeziehung 
von  d-Funktionen  beseitigen  lassen.  Deshalb  %vTir- 
den  auch  von  uns  Rechnungen  mit  einer  um  Id- 
Funktion  (Exponent:  0,6)  erweiterten  Basis  vorge- 
nommen.  Die  damit  ennitteltesfiaMM4(^  stimmt 
nun  sowohl  mit  [20]  wie  mit  der  aus  Mikrowellen- 
spektren  erhaltenen  [21]  befriedigend  iiberein.  Den 
zugehorigen  Kraftkonstantensatz  und  die  damit 
berechneten  Sch^vingungslrequenzen  und  Isotopen- 
aufspaltui^en  zeigt  ebenfalls  Tab.  II. 

Zieht  man  in  Betracht,  daB  bei  derartigen  Rech¬ 
nungen  die  Diagonalglieder  der  Kraftkon-stanten- 
Matrix  und  damit  die  Schwingungsfrequenzen  ira- 
mer  zu  hoch  erhalten  werden,  in-sbesondere  die  Va- 
lenzkraflkonstanten  und  -schwingungen  von  X-F- 
Bindungen  [22-26],  so  kann  man  mit  dem  Ei^ebnis 


die  Richtigkeit  der  Zuordnung,  die  ja  lange  Zeit  in 
der  Literatur  kontrovers  war  [1-13],  prufen.  Die 
aus  der  ab  inj/to-Rechnung  erhaltenen  Frequenz- 
werte  stiitzen  eindeutig  die  Zuordnung  aller  Va- 
lenzschwingungen  und  der  Deformationen  V4  und 
v»  nach  [6,  10,  13],  die  Besonderhcit  finer  .sehr 
hohen  Deformationsschwingung  in  Ai  (v3,  nur  knapp 
unterhalb  der  Valenzfrequenz  V2)  wird  bestatigt. 
Die  Alternative  mit  va  =  350  cm-^  [11]  kann  man 
damit  endgiiltig  aus.schlieBen.  Lediglich  die  Zu- 
schreibung  der  Schwingungen  bei  475  und  532  cm~i 
zu  va  (Ai)  und  w  (Bi)  ([6, 10]  einerseits,  [13]  anderer- 
seits)  laBt  sich  nicht  entscheiden,  die  Bercchnung 
ergibt  hier  identische  Frequenzwerte.  Jedoeh  ward 
die  Zuordnung  V3  =  532  cm~i,  V7  =  475  cm-i  (wie 
in  [13])  durch  die  Isotopenverschiebungen  (die  ab 
initio  alle  etwas  zu  hoch  erhalten  werden)  gestutzt. 
Wir  haben  diese  Zuordnung  dariiber  hinaus  durch 
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Tab,  UI.  Daa  Kraftfeld  der  Basse  Ai  fiir  SF4  auf  der  Basis  des  ab  inrtio-Rosultats  (Dimonsionon  wio  Tab.  I). 

nachitcriortos 

06  »«itio-Feld 

Modifiziorungon : 
a 

b 

c 

d 

Fu 

5,533  ±  0,099 

5,536 

6,522 

6,605 

6,626 

Faa 

3,724  ±  0,056 

3,683 

3,698 

3,684 

3,662 

F33 

1,448  ±  0,229 

1,458 

1,456 

1,465 

1,447 

F44 

0,891  ±  0,138 

0,876 

0,879 

0,880 

0,873 

Fia 

0,756 

0,68 

0,70 

0,68 

0,65 

Fi3 

0,073 

0,12 

0,11 

0,10 

0,13 

Fx4 

0,422 

0,36 

0,37 

0,36 

0,40 

Fjs 

—  0,034 

—0,034 

—  0,05 

-0,034 

—0,034 

F24 

—  0,051 

—0,051 

—0,07 

—  0,051 

—  0,051 

F34 

0,513 

0,513 

0,513 

0,518 

0,505 

n  (dvi) 

890,60  (11,64) 

891,07  (11,82) 

891,15  (11,82) 

890,96  (11,93) 

891,03  (11,56) 

Vi  {Avi) 

557,95  (0,21) 

557,88  (0,11) 

557,82  (0,04) 

557,90  (0,15) 

557,81  (0,02) 

V3  (^V3) 

535,41  (3,81) 

533,53  (3,80) 

533,45  (3,86) 

534,11  (3,69) 

533,76  (4,03) 

V4  (dV4) 

227,56  (0,11) 

227,77  (0,10) 

227,78  (0,10) 

227,71  (0,10) 

227,75  (0,10) 

Txxxx 

—  11,5 

—  11,5 

—  11,5 

—  11,6 

—  11,2 

Vyyyy 

—  5,5 

—  5,6 

—  5,6 

—  5,6 

—  5.6 

"^ZZZZ 

—  2,1 

—  2,1 

—  2,1 

—  2,1 

—  2,1 

^xxyy 

+  0,28 

—  0,04 

—  0,001 

—  0,02 

—  0,02 

Txxxz 

—  1,9 

—  1.9 

—  1,9 

—  1,9 

—  1,9 

Tyyzz 

—  0,8 

—  0,8 

—  0,8 

—  0,8 

—  0,8 

Ti 

—  12,6 

—  12,9 

—  12,9 

—  12,9 

—  12,9 

Ti 

—  2,1 

—  2,1 

—  2,1 

—  2,1 

—  2,1 

eine  Messung  der  Polarisationsgrade  der  Linien  bei 
558  und  532  cm~i  (die  Linien  bei  475  und  350  cm-i 
waren  so  schwach,  daS  ihr  Polarisationsgrad  nicht 
festgestellt  werden  konnte)  im  Raman-Gasspek- 
trum  bestatigt:  beide  Linien  sind  im  Gegensatz  zu 
fruheren  Angaben  [5]  polarisiert.  Fur  die  inaktive 
rs  (As)  laBt  sich  aus  der  ab  i/ii^io-Rechnung  ein 
Bereich  von  400-450  cm~i  abschatzen,  so  daB 
die  Annahme  vs  =  437  cm-'  [13]  durchaus  plau- 
sibel  ist. 

Angesichts  der  Erkenntnis,  daB  die  Diagonalglie- 
der  der  Kraftkonstanten-Matrix  ab  initio  auf  jeden 
Fall  zu  hoch  erhaiten  werden,  laBt  sich  mit  einem 
einfachen  Satz  von  Schwdngungsfrequenzen  unter 
Festhaltung  aller  Nichtdiagonalglieder  eine  Nach- 
iteration  durchfuliren,  die  die  Diagonal-Kraftkon- 
stanten  den  experimentellen  Werten  anpaSTTJies^ 
Kraftfeld  ist  fiir  Ai  in  Tab.  Ill  wiedergegeben. 

Einen  Hinweis  auf  die  Qualitat  der  erhaltenen 
Wechselwirkungskonstanten  liefern  neben  fruheren 
Erfahrungen  [22-25]  auch  die  Ergebnisse  fur  Bi 
und  B2  (vgl.  Tab.  II  mit  Tab.  I).  Sie  zeigen,  daB  die 
experimentell  bcstimmten  Kopplung.skonstanten 
F«7  bzw.  F89  von  der  ab  im’tto-Rechnung  in  Vor- 
zcichcn  und  GroBenordnung  richtig  wiedergegeben 
werden,  aber  im  Absolutwert  Abweichungen  zeigen. 
Unerwartet  ist  angesichts  des  gleichen  Wechselwir- 


kungstyps  (Valenz-Deformations-Kopplung)  deren 
unterschiedliche  Richtung  (F67(exp)  >  F67(ab  in.) ; 
FssCexp)  <  F89(ab  in.)).  Dies  muB  nicht  unbedingt 
eine  Unzuverlassigkeit  der  ab  ini/to-Rechnung  si- 
gnali-sieren;  Kontroll-Untersuchungen  haben  ge- 
zeigt,  daB  etwa  bei  einer  Annahme  von  F67  = 
0,52  mdyn  und  Fas  =  0,65  mdyn  (Abw'eichung  vom 
ab  initio-Wert  in  gleicher  Richtung  und  in  gleichem 
Verhaltnis)  Kraftfelder  erhaiten  werden,  die  fiir  alle 
gemessenen  dr  keine  groBeren  Diskrepanzen  als 
5%  (die  T-Werte  zeigen  iiberhaupt  keine  Anderung) 
aufweisen,  was  bei  einer  realistischen  Einschatzung 
der  MeBgenauigkeit  durchaxis  tragbar  ist  (ubrigens 
weichen  auch  die  Diagonal-Kraftkonstanten  fiir 
diese  Losungen  um  nicht  mehr  als  5%  von  denen  in 
Tab.  I  ab).  Trotzdem  ubemehmen  wir  fiir  Bi  und 
Ba  die  in  [13]  aus  den  Isotopenverschiebungen  er- 
mittelten  Kraftkonstanten  und  nehmen  an,  daB 
die  fiir  F«7  und  Fg*  beobachteten  Unterschiede  auch 
fiir  die  Kopplungsglieder  in  Ai  den  Rahmen  der  zu 
erwartenden  Genauigkeit  aus  der  ab  initio-ILech- 
nung  abstecken. 

Vergleicht  man  die  Ergebnisse  fur  diese  Rasse, 
so  ist  festzustellen,  daB  die  diirch  Iteration  unter 
Einbeziehung  auch  der  Zentrifugaldehnungskon- 
stanten  erhaltene  Losung  (Tab.  I)  iiberhaupt  nicht 
den  ab  initio-Werten  entspricht.  Bei  der  nur  aus  den 
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Isotopenverschiebungen  abgeachatzten  Losung  [13] 
sind  zumindest  die  Konstanten  F14  und  Fm  abnlicb, 
die  aucb  im  ab  tniito-Feld  die  groBten  Werte  besit- 
zen  (die  dritte  derartige  Konstante  Fu  beschreibt 
nur  einen  Potentialeffekt,  der  durch  die  Isotopen- 
verschiebung  nicht  erfaBt  werden  kann,  da  das  zu- 
geborige  G12  =  0  ist).  Trotz  der  Abweicbungen  der 
iibrigen  Nicbtdiagonalglieder  zeigen  die  Diagonal- 
kraftkonstanten  eine  erstaunlicb  gute  Ubereinstim- 
mung,  ein  Hinwcis,  daB  diese  Kopplungskonstan- 
ten  wobl  nur  von  geringem  EinduB  auf  sie  sind. 

Betracbtet  man  die  Wiedergabe  der  expcrimen- 
tellen  Daten  durcb  das  nacbiteriorte  ab  tnt<to-Feld 
fiir  Al  (in  Kombination  mit  den  experimentell  er- 
mittelten  Kraftkonstanten  fiir  Bi  und  B*),  so  wer¬ 
den  die  Isotopenverschiebungen  gut  reproduziert, 
die  T-Werte  zeigen  hingegen  noch  groBere  Diskre- 
panzen  als  bei  der  Iteration  nach  v,  Av  und  r  ge- 
mcinsam.  Da  aber  die  r’s  wegen  anhannonischer 
Effekte  weniger  zuvcrlassig  sind  und  zudem  noch 
im  Gegensatz  zu  den  Isotopenverschiebungen  eine 
wesentlich  geringcre  MeBgenauigkeit  aufweiaen,  er- 
scheint  dies  aber  tragbar,  ja  man  muB  sogar  ver- 
muten,  daB  das  vollig  andere  Kraftfeld  bei  der  Ite¬ 
ration  nach  alien  experimentellen  Daten  gerade 
durch  daa  Bemuhen  um  eine  Angleichung  der  r- 
Werte,  die  aber  trotzdem  nur  bei  Xxxxx  und  Tt 
innerhalb  der  angegebenen  [12]  Fehlcrgrenze  er- 
reicht  wird,  verursacht  ist.  Beim  06  tnilio-Feld  wer¬ 
den  fiir  alle  t’s  zu  niedrige  Werte  erhalten,  Ti 
konnte  aber  durch  eine  Emiedrigung  von  n  (A») 
angeglichen  werden  (fiir  vj  =  400cm'‘;  Ti  = 
—  14,8  MHz).  Jedoch  zeigt  sich  bei  ihm  fiir  da.s 
ebenfalls  im  Summenausdruck  Ti  verborgenen 
Txxyy  sogar  ein  positiver  Wert,  was  nicht  moglich 
ist.  Es  ist  also  zumindest  erforderlich,  die  Nicht- 
diagonalglieder  des  ab  intlio-Feldcs  so  zu  variieren. 


daB  Txxyy  ncgativ  wird.  Bei  der  Untersuchung,  wel- 
chen  EinfluB  die  Nichtdiagonalglieder  einzeln  auf  die 
MeBdaten  haben,  zeigte  sich,  daB  dieser  bei  Fja  und 
F24  auBerordentlich  ’gering  ist,  fiir  F34  hingegen  ex- 
trem  stark :  schon  eine  Anderung  unter  0,01  mdyn.  A 
verschiebt  Tx*yy  erheblich,  jedoch  werden  gleich- 
zeitig  Vs,  Jv3  und  .dvi  so  sehr  in  negativem  Sinne 
beei^uBt,  daB  dieser  Effekt  kaum  genutzt  werden 
kaim.  Eine  Verkleinerung  von  Fis,  Fu  und  eine 
Vei^roBerung  von  F13  wirken  beziiglich  zxxyy  in  der 
gewiinschten  Richtung,  wenn  auch  nicht  stark.  Sie 
wurden  daher  alle  drei  gemeinsam  geandert,  um 
sich  nicht  mit  einer  GroBc  allzuweit  vom  ab  {nilio- 
Wert  zu  entfemen.  Tab.  Ill  zeigt  4  solche  Kraft- 
feider  (Modiiizierungen  a-d),  bei  denen  die  Xicht- 
diagonalglieder  gemaB  dieser  Erfahrungen  fc.stgc- 
legt  wurden.  Sie  rcproduzicren  alle  Daten  etwa 
gleich  gut.  Auf  die  Diagonalkraftkonstanten  halx’n 
diese  Anderungen  kaum  EinBuB,  und  man  kann 
wohl  davon  au-sgehen,  daB  die  korrekte  Losung  fiir 
die  Basse  Ai  des  SF4  tatsachlich  in  diesom  eng  um- 
schriebenen  Bereich  liegen  wird.  Daraus  ergeben 
sich  fiir  SF4  folgende  Valcnzkraftkoastantcn 
fr(S-F«,)  =  5,36  mdyn/A  (frr  0,19  mdyn/A); 
fR(S-F»x)  =  3,25  mdjTi/A  (Irr  0,43  mdyn/A).  Die 
mittleren  Schwingungsamplituden  bei  298  K  fiir 
all  diese  Losungen  betrogen  (in  A,  in  Klammcm 
expcrimentelle  Werte  [14]):  SF«*:  0,048  (0,047  ± 
0,006);  SF«,:  0,041  (0,041  ±  0,005);  Fe,F,»4  0,074 
(0,068  ±  0,01)  ;  F«F.,:  0,069  (0,067  i  0,005); 
FnFu:  0,060  (0,069  ±  0,01)  und  entsprcchen  so 
den  Werten,  die  auch  mit  dem  Kraftfeld  in  [13]  er¬ 
halten  wurden.  Auch  Eigenvektoren  und  Potential- 
encrgieverteilung  stimmen  weitgehend  mit  den  Er- 
gebnissen  von  [13]  iiberein,  insbesondere  was  die 
voUige  Mischung  der  Symmetriekoordinaten  S3  und 
S4  in  den  Schwingungen  V3  und  V4  anbetrifft. 
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Contribution  to;  Inorganic  Reactions 
and  MethL,ds 

2.2  The  Formation  of  the  Halogen  *  Halogen  Bond 
2.2.7  Preparation  of  Halogen  Oxyfluorides 

Halogen  oxyfluorides  can  be  prepared  by  reaction.',  involving  the  formation 

of  either  halogen-fluorine  or  halogen- oxygen  bonds.  Since  this  chapter  deals 

exclusively  with  the  formation  of  the  halogen-halogen  bond,  preparative 

methods  for  halogen  oxyfluorides  based  on  the  formation  of  halogen-oxygen 

bonds  are  not  included  in  the  following  discus.sion. 

2. 1.7.1  By  Reaction  of  Halogen  Oxides  with  Elemental 
FI uorine 

The  interaction  of  F.,  with  chlorine  oxides,  such  as 

[8]  ■■  2-6 
or  CI2O7  1  produces  FCIO^.  Essentially  quantitative  yields  of  FCIO^  are 

obtained  with  010^  as  a  starting  material  and  moderated  reaction  conditions. 

Particularly,  the  use  of  inert  solvents , such  as  CFCl^,  or  diluents,  such  as 

air  or  N^,  are  recommended  to  avoid  hazards  due  to  the  explosive  nature  of 

the  chlorine  oxides.  In  the  case  of  the  higher  chlorine  oxides,  the  use  of 

elevated  temperature  and  the  decreased  yields  of  PCIO^  suggest  that  the 

primary  step  in  these  reactions  involves  the  thermal  decomposition  of  these 

chlorine  oxides  to  CIO^  which  is  then  fluorinated.  Therefore,  all  of  the 

above  reactions  are  likely  to  involve  the  step: 

2C10,  *  F.,^  2FC10- 

In  view  of  the  shock  sensitivity  of  chlorine  oxides,  none  of  the  3bo\'e 

methods  is  recommended  for  the  large  scale  production  of  FCIO,,  and  necessar)’ 

.safety  precautions  must  be  used.  The  recommended  method  for  the  preparation 

of  FCIO,  is  the  reaction  of  NaClO,  with  CIF.  (see  section  2. 2, ".6). 

2  00 

The  low  temperature  (• 78°C)  fluorination  of  C1,0  with  elemental  fluorine 

[9] 

produces  CIF^O  as  the  main  prv,.iUCt.  Depending  on  the  reaction  conditions, 
the  by-products  can  be  either  CIF  or  C1F_: 
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2?^  +  Cl^O  ClFjO  4  CIF 
3F2  ^  CI2O  -*■  ClFjO  +  ClFj 

ys’hen  no  catalyst  is  used  or  if  KF  and  NaF  are  present  as  catalysts,  CIF  is 
the  main  by-product.  hTien  the  more  basic  alkali  metal  fluorides,  RbF  and 
CsF,  are  used,  CIF^  is  the  favored  coproduct.  The  formation  of  CIF^ 
rather  than  CIF  is  presumably  associated  with  the  more  ready  formation  of  CIF, 
intermediates  with  RbF  and  CsF.  Yields  of  CIF^O  from  Cl^O  are  rather  varia¬ 
ble  and  may  be  affected  by  the  particular  alkali  fluoride  present.  Yields 
of  over  40%  have  been  consistently  obtained  and  have  reached  over  80%  using 
either  NaF  or  CsF.  Since  NaF  does  not  form  an  adduct  with  ClF^O^^^^, 
stabilization  of  the  product  by  complex  formation  does  not  seem  to  influence 
the  CIF^O  yields  strongly. 

Owing  to  unpredictable  explosions  experienced  with  liquid  Cl^O,  attempts 
were  made  to  circumvent  the  CljO  isolation  step.  For  this  purpose,  the 
crude  Cl^O,  still  absorbed  on  the  mercuric  salts,  was  directly  fluorinated. 
Again,  CIF^O  was  formed,  but  its  yield  was  too  low  to  make  this  s>Tithetic 
route  attractive. 

The  fluorination  of  solid  Cl^O  to  CIF^O  proceeded  at  temperatures  as  low 
as  -196°C  provided  the  fluorine  was  suitably  activated  by  methods  such  as 
glow  discharge.  Unactivated  fluorine  did  not  interact  with  C1,,0  at  -196°C. 

The  relatively  low  yield  of  CIF^O  (1-2%)  makes  this  modification  impractical. 

Due  to  the  shocksensitivity  of  Cl^O,  its  fluorination  reaction  is  not 
the  preferred  method  for  the  preparation  of  CIF.O.  Replacement  of  Cl^O  by 
the  more  stable  CIONO2  results  in  a  safer  process  (see  Section  2.2.7.51. 

By  analogy  with  CIO^,  Bi-O^  is  readily  fluorinated  by  elemental  F,,  to 

El 


;ive  FBrO^  in  lu gh  yield: 
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2Br02  ^2 

However,  direct  reaction  with  is  not  practical  because,  even  at  “78°C,  the 
reaction  is  exceedingly  vigorous  resulting  in  spontaneous  decowposition  of 
the  BrO^  and  explosions.  Liquid  Cl^  or  perfluoropentane  have  successfully 
been  used  as  a  diluent  to  moderate  the  reaction.  BrO^  is  not  soluble  in 
these  solvents  and  must  be  suspended.  Again,  this  method  is  not  recommended 
for  larger  scale  preparations  of  PBrO^  and  appropriate  safety  precautions  must 
be  taken. 

The  fluorination  of  l2^s  with  elemental  fluorine  in  anhydrous  HF  was 
reported^ to  result  in  the  formation  of  FIO^.  This  claim,  however,  was 

[  13] 

refuted  by  a  subsequent  study  which  showed  that  anhydrous  HF  quantitatively 
converts  1^0^  or  FIO^  to  IF^. 


2.2. 7.2  By  Reaction  of  Halogen  Oxides  with  Fluorinating  Agents  other 
than 

In  the  FCIO^  synthesis  from  CIO^  and  F2,  the  latter  can  be  replaced  by 
other  fluorinating  agents.  Thus,  the  passage  of  ClO^,  diluted  by  N,,  over 


AgF 


[14] 


[  1 

or  CoFj  “  at  room  temperature  produced  pure  FCIO.,  in  high  yield. 


AgF,  *  CIO,  AgF  +  FClOj 


The  consumption  of  the  AgF^  can  be  readily  followed  by  the  color  change 

of  AgF,  (dark  brown)  to  AgF  (yellow). 

Halogen  fluorides  can  also  be  used  to  fluorinate  CIO,  to  FCIO,.  Thus, 

o  ^14] 

the  passage  of  CiO^  through  liquid  BrF.  at  30  C  has  been  reported'  to  pro¬ 
ceed  according  to 

6C10,  *  ZBrF,  6FC10,  ♦  Br, 

The  risk  of  explosions  in  the  CIO,  -'AgF,  reaction  is  somewh.nt  reduced 
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when  CIO^  is  replaced  by  the  less  dangerous  Cl^O. 

lS-16  ]  siiaiiarly,  Cl^O  can  be  fluorinated  at 

2C1  0  +  CIF  FCIO,  +  2C1, 

2  2  2 


The  yield  of  was 

-78°C  with  either  CIF^  ^ 


CUO  +  CIF.O  •*  FCIO,  +  2C1F 
2  a  2 

In  these  two  reactions,  the  unstable  FCIO  molecule  is  probably  forir.ed  as  an 
intermediate  which  can  readily  disproportionate  to  yield  FCIO^  and  CIF  (see 
Section  2 . 2 . 7 . 4) . 

The  fluorination  of  CKO.  with  a  variety  of  fluorinating  agents  was 

2  o 

also  studied  and  yields  FCIO^  as  the  principal  product.  Fluorinating  agents 

used  with  Cl^O^  include  ErF^  or  BrF^,  and  The  latter 

reaction  was  carried  out  in  CFCl^  solution  at  0®C  and  proceeded  according  to: 

Cl  0.  ♦  FNO,  FC10_  *  NO-'^CIO," 

2  o  2  2  2  4 

These  reactions  of  CljO^  were  carried  cut  at  low  temperatures  at  which  decompo¬ 
sition  of  CljOg  to  2CIO2  +  O2  can  be  e:<cluded.  However,  they  can  be  rationalized  in 
terms  of  the  easy  polarization  of  Cl20^  to  C10.,*C10^  [12] 

C10*C\0/  +  FNO.,  -*•  NO^'^CIO,*  »  FCIO, 

2  4  2  2  4  2 

The  ionic  structure  of  CIO^  in  the  solid  state  has  been  established  by 

o 

[211 

vibrational  spectroscopy  . 

Fluorination  of  Br02  to  FBr02  is  readily  achieved  by  the  use  of  BrF,  as 

I  j 2 1 

a  fluorinating  agent  , 


lOBrO,  +  2BrF  idFBrO  +  Br, 

The  reaction  is  carried  out  at  -55°C  in  liquid  BrF^ ,  and  the  FBrO,  is  separated 

from  the  Br2  by-product  and  excess  of  BrF,  by  vacuum  fractionation.  This 

reaction  can  be  further  simplified  by  preparing  the  BrO,  in  situ  by  passing 

[  1  2  22  2. 'Si 

0  through  a  .solution  of  Br,  in  BrF^'  '  ’  K 

J  ^  C> 
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lOBrO.  +  2BrF^  -*■  lOFBrO  +  Br. 

2  5  2  ^ 

The  reaction  is  carried  out  a  -S5°C  in  liquid  BrF^,  and  the  FBrO^  is  separated 

from  the  Br2  by-product  and  excess  of  BtF^  by  vacuum  fractionation.  This 

reaction  can  be  further  simplified  by  preparing  the  BrO^  in  situ  by  passing 

0  through  a  solution  of  Br^  in  BrF- 

BrFg  +  2Br2  ♦  SFBrO^  ♦  10  0^ 

When  is  dissolved  in  boiliTig  IF^^,  white  hygroscopic  needles  cf 

124  I 

IF^O  separate  on  cooling  of  the  solution^ 

IjOj  .  SIFj  -  5IF3CI 

A  modification  of  this  reaction  was  used  to ^^^^prepare  KIF^O  according  to: 

SKF  +  I.O.  ♦  31F.  5K1F.0 

2  b  5  4 

2. 2. 7. 3  By  Reaction  of  Halogen  Oxyfluorides  with  Fluorinating  Agents 

The  fluorination  of  a  chlorine  oxyfluoride  to  one  of  higher  oxidation  state 

is  a  difficult  task  due  to  the  scarcity  of  stable  low  (♦III)  and  high  (+VII) 

^26  2'^1 

oxidation  state  oxyfluorides.  Thus,  there  is  only  one  case  known,  ’  -'where 
FCIO^  is  fluorinated  by  the  very  strong  oxidizer  FtF^  according  to; 

2FC10^  ♦  2PtF^  -  ClF^0*PtF,'  ♦  ClO.VtF^' 

2  O  2  2  0  2  0 

Se.eral  side  reactions  compete  with  this  reaction  and  the  vield  of  CIF^O^ 
varies  greatly  with  slight  changes  in  the  reaction  conditions.  The  CIF^O^  ^^'^6 
can  be  converted  to  CIF^O^  by  a  displacement  reaction  using  FKO^ : 

ClF^O^^PtF^^  *  FNO,  -♦  NO^'^PtF^’  + 

A  scrambling  of  oxygen  and  fluorine  ligands  was  achie'.ed  in  the  synthesis  of 
ClF^O  from  various  mixtures  of  chlorine,  fluorine  and  oxygen  containing  start¬ 
ing  materials  using  uv-phctolysis''^ The  claim  the  formation  of 

CIF^O  in  the  uv-photolysis  of  the  C1F,-0F  ,  system  could  not  be  confirmed  b>’ 
work  in  other  laboratories 
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A  detailed  kinetic  study  of  the  photolyses  of  the  CIF^—  0^  and  of  the 
Cl^—  F2‘“°2  carried  Contrary  to  the  original  report 

the  rate  of  CIF^O  formation  was  demonstrated  to  be  the  same  for  both 
systems,  to  increase  with  O2  concentration,  and  to  be  independent  of  irradia¬ 
tion  time.  Furthermore,  the  rate  of  CIF^O  formation  was  shown  to  be  proper* 
tional  to  the  intensity  of  the  1847  S  band  of  the  Hg  spectrum  indicating  that 

r  ■  L  • 

the  dissociation  of  0^  to  two  ground-state,  p,  oxygen  atoms  is  the  primary 
photochemica -  process.  The  following  mechanism  was  proposed  which  requires 
the  photochemical  dissociation  of  CIF^  as  well: 

hv{1847  S] 

0^  ^  0  0 
hv(2000-3500  S) 

CIF. - -  CIF2  F 

0  +  CIF2 - -  CIF2O 

CIF2O  +  F2 - ^  ClFjO  +  F 

The  photolysis  of  CIF^  was  investigated  under  similar  conditions.  A 
photochemical  steady  state  was  quickly  achieved,  where  [F^]  =  (CIF]  =ci[ClF.], 
and  a  has  a  value  of  about  1  at  low  and  of  about  5  at  high  pressures.  ihese 

[53]  ^ 

results  together  with  the  known  photochemical  decomposition  of  OF-,  "e.xplain 

wh)’  C1F,0  car.  be  readily  generated  by  the  photolysis  of  so  many  different 

si.irting  mat eri als , inc 1 uding  the  halogen  oxyfluorides  FCIO2,  and  IF^O. 

For  bromine  oxyfluorides,  fluorinat ions  with  the  powerful  0Xidi..ers 

and  KrF^  have  been  studied.  With  PtF,  the  following  reactions  were  obseried 
2  o 

2FBrO  >  SPtFi - ►  2BrF-,0''ptF, '  ♦  o/PtF  "  +  2PtF 

2  D  *:  D  D 

PtF^  +  FBr02 - ►  Bro/ptF^’ 

2rtF^  *  2FBrO., - -  2B-0,*PtF  '  +  F., 

D  L  C.  ^  i. 
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but  no  evidence  for  the  formation  of  Br02p2*  was  obtained.  Similarly,  the 
reactions  of  KrF2  with  either  FBr02,  BrFjO  or  FBrOj^^^  ^^"^did  not  produce  any 


novel  bromine  +  VII  compounds, 

but  proceeded  according  to 

2FBr02  ♦  2KrF2 — 

-*■  2BrFjO  +  2Kr  +  0^ 

2BRF2O  +  2KrF2 — 

— w-  2BrF^  +  2Kr  +  O2 

Iodine  (+V)  oxyfluorides 

or  oxide  are  fluorinated  by  BrF,  to  yield 

FBtOt  and  IF-, 

2I2O5  *  SBrF^ - 

-^5FBr02  ♦  41 

FIO2  >  BrF^ 

-wFBrC2  ♦  IFg 

2IF2O  +  BrFg  - 

— FBr02  +  21Fg 

but  heptavalent  IFj02  or  its  AsF^  or  SbF^  adducts  are  fluoriiiated  to  give  IF^ 
21Fj02  +  BrFg - *  FB1O2 

IF,0  ‘AaF-  w  BrF,--4-lF-0  +  BrF.O  *AsF,' 

32s  5  5  2  0 

The  addition  of  HF  to  IFj02  results  in  the  formation  of  OIF^OH^^^^.  This 
reaction  is  reversible 

+HF 

IF,0,  HF  OlF^OH 

2  ^S03  ^ 

and  represents  an  example  for  the  addition  of  HF  across  a  X=0  double  band 
with  formation  of  a  new  X-F  bond. 

2.2.1  A  By  Disproportionation  of  Halogen  Oxyfluorides 
The  thermally  unstable  compound  FCIO  is  known^^^ to  readily  dis¬ 
proportionate  at  room  temperature  according  to 
2FC10  - -^FC102  +  CIF 

This  reaction  explains  the  formation  of  FClO^  and  CIF  in  reactions  where 
FCIO  would  be  the  expected  reaction  product  [see  Section  2.2./, 2). 


136] 


RI/RD81-140 

L-7 


-s- 

lodine  trifluoride  oxide  is  stable  at  room  temperature,  but  at  100°C 

f  n  j  1 

undergoes  a  reversible  change  into  IF^  and  • 

21F3O  - .IF3  .  FIO2 

This  reattion  is  also  involved  in  the  thermal  and  photochemical  decomposition 
f  37] 

of  according  to 

2IF.0. - -2IF,0  +  0. 

0  2  3  2 

2IF.0  - ►IF,  +  FIO, 

O  3  2 

2.  2.  ■7. 5  By  Reaction  of  Positive  Halogen  Compounds  with 
Fluorinating  Agents 

For  the  synthesis  of  CIF^O  the  fluorination  of  CIONO^  with  F^  at  -35°C^^-^ 
is  most  attractive. 

2F2  *  CIONO2 - -  CIF^O  +  FNO^ 

Contrary  to  chlorine  oxides,  CIONO^  has  the  advantage  of  not  being  shock 
sensitive.  Other  advantages  include  (a)  less  fluorine  is  required  than  in  the 
fluorination  reactions  of  Cl^O  which  yield  CIF^  as  a  coproduct,  (bl  the  great 
difference  in  the  volatilities  of  the  products  FNO^  and  CIF^O  (AT^p  -lOO^C) 
permits  an  easy  separation  by  fractional  condensation,  (c)  CIONO^  can  be 
prepared  more  conveniently,  and  (d)  yields  of  CIF^O  are  somewhat  higher. 

In  the  fluorination  of  CICNO^,  side  reactions  compete  with  the  actual 
fluorination  step.  These  are  caused  by  thermal  decomposition  of  the  starting 
material  due  to  inefficient  removal  of  the  heat  of  reaction.  Hence,  the  rate 
of  the  competing  reactions  is  markedly  affected  b>’  the  reaction  temperature. 

At  reaction  temperatures  near  or  above  ambient,  the  decomposition  of  the 
hypochlorite  appears  to  be  favored  and  little  or  no  CIF.O  is  formed,  resulting 
in  rapid,  rathei  uncontrolled  reactions.  'Apparently,  thermal  decomposition 
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preceding  the  fluorination  step  yields  only  intermediates  incapable  of  pro¬ 
ducing  ClFjO.  Thus,  in  order  to  maximize  the  desired  fluorination  reaction, 
long  reaction  times  at  low  temperature  CT<0°C)  are  indicated. 

Similarly,  CIOSO^F  interacts  with  CIF^O^^®^ 

2CIOSO2F  +  ClFjO - -  FCIO^  ♦  2C1F  +  S2°S^2 

and 

CIOSO.F  +  C1F,0  - -  FClO,  CIF  +  S0,F., 

There  reactions  can  be  rationalized  in  terms  of  a  reduction  of  CIF^O  the 
unstable  FCIO  which  readily  decomposes  to  FCIO^  and  ClF  (see  Section  2. 2. 7. 4) 

2. 2. 7.6  By  Reaction  of  Halogen  Oxyacids  and  their  Salts  with 
Fluorinating  Agents 

WTiereas  the  fluorination  of  halogen  oxyacids  generally  results  in  the 

f  59J 

formation  of  the  corresponding  fluorooxy  compounds^ 

HOCIO^  +  F^ - -  FOClOj  ♦  HF 

the  fluorination  of  the  salts  of  these  halogen  oxyacids  is  a  more  useful 
method  for  the  synthesis  of  halogen  oxyfluorides .  The  nature  of  the  halogen 
oxyfluoride  product  depends  on  the  starting  material  and  on  the  reaction  condi¬ 
tions  chosen.  Thus  the  fluorination  of  perchlorates  can  be  used  as  a  high 
yield  synthesis  of  perchloryl  fluoride.  Heating  of  KCIO^  to  70°  -  120°C  in 
an  excess  of  SbF^  produces  FCIO^  in  50%  yield^^^^.  The  yield  of  FCIO.  can 

be  increased  to  90%  and  the  reaction  temperature  can  be  lowered  to  20°  -  S0°C, 

f  4 1  ] 

when  a  mixture  of  HF  -  SbF.  is  used  Slightly  lower  yields  were  obtained 

when  the  HF  solvent  was  replaced  by  AsF.,  IF.,  or  BrF  . 

[4"’] 

Ntost  of  the  commercial  processes  are  based  on  the  use  of  HOSO.F‘  “  . 
Evolution  of  FCIO.^  .‘Starts  at  50°C  and  goes  to  completion  at  85°  -  nO°C. 

The  yields  of  FCIO^  vary  from  50  to  S0°^^  ’ and ,  if  necessary,  the 
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3i 

HOSO^F  can  be  regenerated^  ,  If  desired,  the  reaction  can  be  carried  out 
in  glass  apparatus.  The  influence  of  certain  additives  on  the  yield  of 


FCIO..  was  studied 
0 


The  addition  of  S  to  25%  of  SbF,  to  the  H0S0,F 


increases  the  yield  of  FCIO^  to  90%  and  higher  but  hinders  the  regeneration 
of  H0S0.,F,  The  addition  of  HF  —  BF^  increases  the  FCIO^  yield  to  85%  but 
requires  elevated  pressure.  Zinc,  aluJninuBi,  silver,  and  lead  fluorides  were 
found  to  decrease  the  vield  of  FC10_. 

The  highest  yield  of  perchloryl  fluoride  (97%)  was  ach^'eved  with  a 
mixture  of  f luorosul fonic  acid  and  SbF^  as  fluorinating  medi'um.  Potassium, 
sodium,  lithium,  magnesium,  barium,  calcium,  and  silver  perchlorates  and 
perchloric  acid  itself  undergo  the  reaction.  Commercial  reagents  are  used 
and  their  additional  purification  is  not  necessary;  unlike  all  the  previous 
methods  the  preparation  of  perchloryl  fluoride  by  this  method  can  be  carried 
out  at  room  temperature.  At  high  temperature  (100°  — « 1 35°C)  the  reaction  time 
is  1—10  min  in  all,  which  allows  the  process  to  be  carried  out  continuously 
in  3  packed  colurr.n.  The  purity  of  product  obtained  after  the  usual  purification 


reaches  98%  and  over;  air  and  carbon  dioxide  are  present  as  trace  impurities 

The  exact  mechanism  of  the  reaction  between  ClO^  and  superacids  has  as 

)’et  not  been  established,  although  namerous  comments  on  it  were  published 
[  12,4  1,  47-50] 


[46] 


[51-53] 


Based  on  the  present  understanding  of  superacid  chemistry 
and  of  the  complex  formation  of  FC10_,  a  mechanism  involving  CIO. 
as  an  intermediate  is  very  unlikely.  Furthermore,  the  high  )'ie]ds  of  FCIO. 
(up  to  97%)  would  be  surprising  in  view  of  the  expected  instability  of 

4- 

CIO.  .  Other  mechanisms,  such  as  the  one  showTi,  involving  protonated 
[54] 

perchloric  acid  arc  more  plausible; 
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4HF  +  2SbF^ - -  2H.f'‘  *  2SbF.‘ 

5  2  6 

2H,F'*  ♦  CiO/ - H*0C10/  ♦  2HF 

2  <«  2  3 

HjOClOj*  ♦  HF  - ^  FClOj  +  H^O'^ 

CIO/  +  3HF  +  2SbFc - -  FClO,  ♦  ♦  2SbF,* 

4  5  3  3  6 

Other  methods  for  the  synthesis  of  FCIO^  from  metal  perchlorates  include 

the  electroiysis  of  a  saturated  solution  of  NaClO^  in  anhydrous  HF  with  a 

current  efficiency  of  10%  '^■^and  the  fluorination  of  NO,C10^  by  ClF^  at 

room  temperature  which  results  in  the  formation  of  ^CIO^  and  STtaller  amounts 

of  FClOj,  CIO^  and  The  corresponding  reaction  of  -’'CIC^  with  UrF^ 

f  511 

was  reported  to  yield  FCIO^  in  97%  yield. 

3KC10^  +  SBrFj - -  3KBrF^  +  Br^  ♦  SOj  •  3FCIO2 

If  the  MClO.  Starting  material  is  replaced  by  MClO.,  the  main  fluorination 
product  is  generally  FCIO2.  For  example,  the  reaction  of  NaClOj  with  an  equi¬ 
molar  amount  of  CIF^  produces  FCIO2  in  high  yield^^^^  .  This  j.^thod  is  based 
on  previous  reports^^^  ^^\hat  gaseous  CIF^  reacts  with  to  give  FC10_ 

in  high  yield.  The  substitution  of  KCIO^  by  NaClO^  is  significant  since  the 
product  NaF  does  not  f 'rm  an  adduct  with  ClFj,  whereas  KF  does.  V.ii s  d ecreases 
by  60%  the  amount  of  CIF  required  for  the  reaction.  By  analogy  with  *he  KCIO, 

[59] 

♦  BrF.  reaction  ,  the  idealized  stoichiomctrv  of  the  above  reaction  is 
0 

6  NaClO.  4C1F., - --6NaF  ♦  2C1,  ♦  30.  +  6FC10_ 

3  3  <1  2  2 

The  use  of  a  slight  excess  of  CIF,  is  recommended  to  avoid  the  possible  formation 

[59] 

of  shock-sensitive  chlorine  oxides.  The  *  BtF^  reaction 

6KC10,  +  lOBrF, - -6KBrF,  +  2Pr,  ♦  30,  +  6FC10, 

3  3  4  2  2  2 

also  produces  FClO,  in  high  yield,  but  it  is  difficult  to  obtain  pure  color- 
2 

less  FCIO2  by  this  method. 
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'I'he  f luoringtiori  of  KCIO^  with  elemental  fluorine  has  also  been  studied 

[.5  60-62  ]  synthetically  useful  for  preparing  FCIO^  due  to  the 

large  amour, ts  of  FClOj  always  formed. 

The  low  temperature  fluorination  of  NaC102  with  produces  FCIO^  as  the 

main  product,  however,  small  imounts  of  CIF^O  were  also  obtained  in  addition 

[Q] 

to  CIF,,  GIF  and  Cl,  . 

The  fluorination  of  alkali  metal  perbromates  with  HF  and  Lewis  acids  is 

analogous  to  that  oi  the  perchlorates  and  produces  FBrO^  as  tl'.e  main  product 

in  high  yield.  The  reactions  were  carried  out  in  HF  solution  using  SbF^, 

ASF.,  BrF„  cr  DrF.^AsF.*. 

5  a  6  6 

KBrO.  +  2AsFe  *  3HF - »-  FBrO,  +  H,0*AsF,'  +  kAsF, 

4  5  3  3  6  6 

2KBr0,  BrF,  +  2HF - »-2FBi-0_  +  FBrO,  *  2KHF, 

4  5  3  2  2 

2KBrO^  ♦  2BrF^''AsF^‘ - 2FBi'05  ♦  2BrF^^  *  ^2  * 

1 25J 

In  the  absence  of  HF,  CsBrO^  was  found  to  react  with  BrF^  and  F^  at 
room  temperature  to  produce  CsBrF^O  as  the  solid  and  FBtO.^  and  FBrO^  as  the 
volatile  products.  Potassium  perbromate  was  less  reactive  than  the  cesium 
salt  and  required  prolonged  heating  to  80^C  to  achieve  a  substantial  con¬ 
version  to  KBrF  0 .  In  the  absence  of  F  ,  the  conversion  of  CsBrO,  to 
4  J 

CsBrF^O  was  very  low,  even  at  30°C,  and  was  not  catalyced  by  HF , 

The  reaction  of  kBrO^  with  BrF^  is  rather  complex.  According  to  the 

orginal  report,  reacts  with  BrF  at  -50  C  according  to 

3  ^ 

IKBrO,  +  :3rF, - w2KBrF,  ■*  ZFBrO,  +  0. 

3  .■)  4  ..2 

Subsequent  work  ^  ^showed  that  the  reaction  of  i^ErO.  wir.i  equimolar  a^''unts 

of  BrF_  at  room  temperature  proceeds  according  to 

2kBr0,  '  ;BrF. - >  2K3rO.,r,  +  2Br’'.  ♦  0, 

3  a  ..2  0  ^ 
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and  that  the  reaction  is  rather  slow  when  a  large  excess  of  BrFg  is  used.  It 
was  also  reported ^that  KBrC_  and  BrF.  at  a  mole  ratio  of  1:2.S  did  not  react 

b 

appreciably  at  room  temperature,  but  that  a  rapid  reaction  occurred  when  catalytic 
amounts  of  HF  were  added.  The  solid  product  of  this  reaction  consisted  of 
KBtOjF^  and  KBrF^O,  and  FErO.  was  produced  as  the  volatile  product.  The  possi¬ 
ble  formation  of  KBrF^O  in  this  system  was  established'^^^'^by  showing  that  the 
use  of  a  large  excess  of  BrF^  and  at  80°C  can  result  in  quantitative  forma¬ 
tion  of  KBrF^O.  This  reaction,  however,  can  be  difficult  to  duplicate  and 
can  easily  result  in  the  formation  of  KBrF^  The  KBrO^  +  BrFg  reaction 

was  further  modified  by  reacting  KBrF^  with  KBtO^  in  CH^CN  solution, 

CH  CN 

KBrF.  KBrO, - KBrO.F,  ♦  KBrF.O 

6  5  2  2  4 

The  KBrF^O  produced  is  slightly  soluble  in  CHjCN,  whereas  KBr02F2  is  not. 
Therefore,  the  two  products  can  be  separated  by  extraction  with  CHjCN. 

From  a  mechanistic  point  of  view,  the  reactionsof  BrF^  with  BrOj  or 
BrO^  are  very  interesting  since  they  involve  an  oxygen- fluorine  exchange. 

On  the  basis  of  the  observed  quantitative  yields  of  BrF^O  ,  a  free  radical 
mechanism  involving  the  addition  of  oxygen  atoms  to  bromine  fluorides  is 


extremely  unlikely.  A  mechanism  involving  the  addition  of  BrF,  or  BrF^ 
across  a  Br=0  double  bond  of  BrO,  or  BrO.  ,  followed  by  FBrO.  or  FBrO-, 
elimination  with  BrF^O  formation,  appears  plausible,  but  requires  furt'ner 
experimental  support. 

Ttie  fluorination  of  periodates  has  also  been  studied  in  detail.  For 


example,  is  fluorinated  by  HSO.F  to  tetrafluoro  orthoperiodi c 


HSO,F 


HOIF  ,0 

A 
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The  same  compound  is  also  formed  from  solutions  of  HOIO^  or  NalO^  in  anhydrous 

HF.  y^Tien  CslO^  is  repeatedly  treated  with  anhydrous  HF  and  the  solvent  is 

pumped  off,  the  less  volatile  acid  HOIF^O  displaces  HF  from  the  CsHF^  with 

quantitative  formation  of  CslF^Oj  (cis:trans  This  reaction  represents 

a  convenient  synthesis  for  IF^O,*  Salts. 

HF 

CslO,  6HF  - - -  rsHF-  ♦  HOIF.O  +  2H.,0 

4  2  4  2 

-HF 

CsHF*  ♦  HOIF.O  - -  CsIF.O-  +  2HF 

2  4  4  2 

With  elemental  fluorine  at  60°C,  CslO^  was  converted ^to  mainly  CslFg  and 

CsIF^,  but  the  product  also  contained  lesser  amounts  of  CsIF^O  and  cis-  and 

trans-  CsIF^O^,  Wiht  a  large  excess  of  CIF^  at  room  temperature,  CslO^  was 

slowly  converted  to  CslFc  trans  CsIF^O-  and  some  CsIF  0.  Wiht  the  more 

0  4  2  4 

reactive  fluorinating  agent  CIF^,  complete  conversion  of  CsIO^  was  obtained 

at  ambient  temperature  according  to; 

3CsIO.  +  IICIF, - ^6FC10.,  +  3C1F  ♦  ZCsClF.  +  CsIF,-2IF. 

4  3  2  4  6  5 

With  BrFj  the  main  reaction  can  be  described  by 

CslO,  +  2BrF.  - - -«-CsIF.O,  +  2BrF,0 

4  3  4  2  o 

This  reaction  is  analogous  to  that  reported  for  KIO^  and  IF^,  i.e. 

KIO,  +  2IF,, - ^KIF.O,  +  2IF.0 

4  5  4  2  3 

and  produces  almost  entirely  trans  IF^C.,  .  Under  the  experimental  conditions 
(120°C,  vacuum]  used  for  the  removal  of  the  excess  IF.,  the  IF^O  disproportion- 
ates  according  to 

2IF.^0  - -  FIO.,  ♦  IFj 

resulting  in  FIO.,  and  KIF^O^  as  the  final  products.  Compared  to  the  IF. 
reaction,  the  BrF,.  reaction  offers  the  advantage  that  tl.e  St'F^O  and  BrF.  b>-- 
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products  arc  volatile  and  can  easily  be  pumped  off.  However,  the  resulting 
solid  product  is  contaminated  with  CsSrF^. 

The  fluorination  of  iodates  has  also  been  studied.  Whereas  the  fluorina- 
tion  of  HIOj  in  aqueous  HF  results  in  the  formation  of  the 
solutions  of  NalOj  in  anhydrous  HF  contain  With  IF^  as  a  fluorina- 

ting  agent,  MIO^  or  KIO2F2  produced  the  corresponding  IF^O  salts 
MIO^  2MF  *  2IFg - ^3MIF^0  (M=Cs,  K) 

K10,F_  +  KF  +  IF^ - -  2KIF^0 

2  2  5  4 

2, 2, 7. 7  By  Elimination  Reactions 

Very  little  is  known  on  reactions  involving  the  elimination  of  halogen 

oxyfluorides.  'Fhe  only  reaction  reported  in  the  literature  is  the  CsF  catalyzed 

f  ^  1 

FCIO^  elimination  of  fluorocarbon  perchlorates  ^ 

R^CFjOClOj— ^  RjC  "  ♦  FClOj 


This  reaction  proceeds  at  60°C  in  nearly  quantitative  yield  and  probably 
involves  the  attack  of  the  CFj  carbon  atom  by  the  fluoride  anion,  followed 
by  an  internal  nucleophilic  displacement  reaction  and  FCIO^  elimination. 

Rf—  C - 0.  _ 

-fw  0 


0  0 

The  reactions  of  BrF.  with  BrO^  or  BrO^  (see  Section  2. 2.7,6^  may  also 
involve  similar  intermediates  whici-  decompose  with  FBrO^  or  FBrO.  elimination. 
However,  these  intermediates  have  as  yet  not  been  isolated. 
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Coapound  Index  Entries 

2. 2. 7.1 


Eapirical 

Linearized  Structural 

Context 

Formulas 

Formulas 

CIO, 

CIO2 

Reaction  with  F2 

'^'2°6 

Reaction  with  F^ 

CI2O7 

CljO, 

Reaction  with  F2 

ClFO^ 

FCIO2 

Formation 

Cl^O 

CI2O 

Reaction  with  F2 

CIF3O 

CIF3O 

Formation 

CIF 

CIF 

Formation 

CIF3 

Formation 

Br02 

Br02 

Reaction  with  F2 

BrFO^ 

FBr02 

Formation 

^2®S 

Reaction  with  F2 

FIO2 

FIO2 

Formation 

'2^5 

Reaction  with  HF 

IP. 

5 

Formation 

1  2.1.2 

CIO, 

CIO^ 

Reaction  with  AbF, 

CIO, 

CIO2 

Reaction  with  CoF. 

ClFO^ 

FCIO^ 

For.T.ation 

CIO, 

CIO., 

4- 

Reaction  with  BrF. 

CI2O 

CI2O 

Reaction  with  AgF, 

CI2O 

Cl, 9 

Reaction  with  CIF 

cuo 

Cl  ,0 

Reaction  with  ClF^O 

L 
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ClFO 

FCIO 

Fonaation 

^'2°6 

Reaction  with  BrFj 

Reaction  with  BrFg 

Reaction  with  HF 

Reaction  with  FNO^ 

Cl  NO. 

b 

NO^CIO^ 

Formation 

8^2 

BrO^ 

Reaction  with  BrF^ 

BrFO^ 

FB^2 

Format  ion 

I  0 

I.,0^ 

Reaction  with  IF, 

2  5 

2  S 

F3IO 

Formation 

F,IKO 

4 

KIF.O 

4 

Formation 

2.2.7. 3 

ClFO^ 

FC102 

Reaction  with  PtF^ 

ClFgOjPt 

ClF^OjPtF^ 

Formation 

ClFgO^Pt 

ClF^O^PtF^ 

Reaction  with  FNO^ 

CIF3O2 

CIF3O2 

Formation 

CIF3O 

CIF3O 

Formation 

Reaction  with  OF, 

CIF. 

CIF, 

5 

Reaction  with  OF^ 

CIF.O 

b 

CIF30 

Formation 

^^Fj 

Photolysis  in  presence 

C1F„0 

0 

CIF3O 

Kinetics  of  formation 

F3I0 

IF3O 

Formation  of  CIF3O 

CIFO3 

FC103 

Formation  of  CIF^O 

BrFO^ 

FBrO^ 

Reaction  with  KrF, 
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FBrO^ 

Reaction  with  PtF^ 

BrFgOPt 

BrF.OPtF, 

2  0 

Formation 

BrOjPtFg 

Formation 

BrF202^ 

Foraation 

BrFO^ 

FBrC2 

Reaction  with  KrF2 

BrF30 

ErFjO 

Reaction  with  KrF2 

BrFOj 

FBrO^ 

Reaction  with  KrF2 

BrFjO 

BrF30 

Formation 

BrF. 

^3 

BrF^ 

D 

Formation 

'2°5 

^2°5 

Reaction  with  BrF^ 

FIOj 

FIO2 

Reaction  with  BrF^ 

F3IO 

IF3O 

Reaction  with  BrFg 

'3'°2 

Reaction  with  BrF^ 

FsIO 

Formation 

AsFglO^ 

1F302-.*.sF3 

Reaction  with  BrFg 

AsBrFgO 

BrF20AsF^ 

Formation 

Reaction  with  HF 

OlF^OH 

4 

Formation 

2.2. 7,4 

ClFO 

FCIO 

Disproportionation 

ClFO, 

FCIO 

Formation 

CIF 

CIF 

Formation 

F.IO 

IF  0 

Disproportionation 

^5' 

IF 

5 

Formation 

FIO^ 

FIO., 

Formation 
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F  10- 
3  2 

"’3'’2 

Disproportionation 

2.2.7.S 

CIF3O 

CIF3O 

ForiDation 

CINO3 

CIONO2 

Reaction  with  F^ 

CIF3O 

CIF3O 

Reaction  with  C10S0.,F 

ClFO^ 

FCIO2 

Format  ion 

CIHO. 

4 

HOCIO3 

Reaction  with  F^ 

C1FO4 

FOCIO3 

Formation 

C1FO3 

FCIO3 

Formation 

C1KO4 

KCIO4 

Fluorination  of 

ClNaO^ 

NaClO, 

4 

Electrolysis  in  HF 

CINO^ 

NO^CIO^ 

Reaction  with  CIF3 

CIKO, 

4 

KCIO, 

4 

Reaction  with  BrF3 

ClNaOj 

NaClOj 

Reaction  with  CIF3 

CIKO3 

KCIO3 

Reaction  with  C1F_ 

CIKO3 

KCIO3 

Reaction  with  BrF, 

CIKO- 

KCIO3 

Reaction  with  F., 

ClNaO^ 

NaC102 

Reaction  with  F., 

CIF3O 

CIF3O 

Formation 

BrFO, 

j 

FBr03 

Formation 

BrKO. 

4 

KBrO, 

4 

Reaction  with  BrF_ 

BrKO, 

4 

KBrO^ 

Reaction  with  AsF^ 

BrKO, 

4 

KBrO^ 

Reaction  with  BrF^AsF^ 

BrCsO , 

CsiBrO, 

4 

Reaction  with  BrF,  and  F 
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BrCsF .0 

4 

CsBrF  .0 

4 

Fortnation 

BrFO^ 

FB:^!^ 

Fonjiation 

BrFO^ 

FBr02 

Formation 

BrKO, 

4 

KBrO, 

4 

Reaction  with  BrF^  . 

BrKO^ 

KBrOj 

Reaction  with  BrF^ 

BrF^KO^ 

KBr02F2 

Formation 

BrF^KO 

KBrF,0 

4 

Formation 

BrKOj 

KBr03 

Reaction  with 

®^3«4'2°12 

Ba3H4(IO,)2 

Reaction  with  HSO.F 

j 

HOIF.O 

4 

Formation 

INaO, 

4 

NalO, 

4 

Reaction  with  HF 

HIO, 

4 

H0103 

Reaction  with  HF 

CslO, 

4 

CsIO, 

4 

Reaction  with  HF 

CsF.IO. 

4  2 

CSIF.O. 

4  2 

Formation 

CsIO, 

4 

CsIO, 

4 

Reaction  with  F^ 

CsF^IO 

CsIF.O 

4 

Formation 

CsIO, 

4 

CsIO, 

4 

Reaction  with  CIF^ 

CsIO, 
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